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I 
ABSTRACT 
Mining is one of the human‟s earliest industrial activities. Indeed early civilizations such as the 
Bronze Age and Iron Age are named according to their use of metals; the importance of metals is 
still central to industrialization and urbanization. The enormous quantities of mine waste and 
tailings generated by mining every year however, are also of concern. The relocation and 
removal of large quantities of mineral and waste can also release chemicals into the environment 
especially surface water, groundwater and soil during the mining lifecycle if good mining 
engineering and mitigation are not performed. To optimise this risk management based on 
excellent risk analysis is required. 
 
The study analysed the mining life cycle, chemicals in the mining environment, current 
regulations on chemicals in the environment and the development of environmental risk 
assessment framework with particular focus on the inorganic substances. Chemicals in the 
mining environment were then grouped into a) the minor constituents of the ore deposits; b) 
chemicals used in mining such as explosives, leaching chemicals and froth flotation reagents. c) 
chemicals generated by mining, milling and smelting including Acid mine drainage (AMD) and 
emissions from smelting and refining. The natural and anthropogenic sources, potential pathways 
to environmental and human receptors and the implications on human health of key toxic metals 
and metalloids in the mining context were then evaluated. 
 
A new two-tier risk assessment was developed based on the four-step conventional risk 
assessment framework by the U.S.National Research Council (NRC). Tier 1 involved analysing 
and evaluating existing data using two new semi-quantitative risk screening and prioritisation 
procedures, namely Chemicals of Greatest Concern (CGC) and Media of Greatest Concern 
(MGC). CGC was developed using specific hazardous properties of the inorganic chemicals and 
II 
their eco-toxicities in the environment. MGC was a system of decomposition using a 
combination of various decision-making tools such as Multi-criteria decision making (MCDM) 
and Hierarchical holographic modelling (HHM) to facilitate hazard identification and assessment. 
Tier 2 involved quantitative toxicity assessment, exposure assessment and risk characterisation 
which were used to quantify the total risk to human health using Monte Carlo simulations (MCS). 
The tiered risk-based approach developed was evaluated using three cases studies, viz, the 
Rustenburg platinum (Pt) mine, South Africa; the Lisheen lead (Pb) – zinc (Zn) mine, Ireland 
and the Richmond copper (Cu) smelter. The results from them were evaluated and compared as a 
basis for Anglo American plc‟s global strategic decision making. Finally, the strengths and 
weakness of the methodology developed were evaluated in relation to the application at current 
operational level. Future methodology refinement and incorporation of organic chemicals were 
also discussed.
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“So far as the theorems of mathematics are about reality, they are not certain; 
so far as that they are certain, they are not about reality.” 
      
 
  ------- Einstein 
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CHAPTER 1  INTRODUCTION TO THE STUDY 
1.1 Introduction 
Naturally occurring processes continually alter the Earth‟s atmosphere, topography, biomass and 
biofaunal loads. When these processes adversely impact on the environment relative to the 
perceived need of humanity, they are considered to be environmental problems and in serious 
cases catastrophe. There is generally little humanity can do about such impacts. Remediation can 
be performed but preventative measures seem difficult to provide. Anthropogenic processes 
produced by Man‟s activities in exploiting and modifying the environment usually have a 
negative effect on the environment. In contrast to natural processes, however remediation can be 
performed and preventative measures can also be provided based on the precautionary principle 
(Lerche and Glaesser, 2006). This study focuses on the environmental and human health impacts 
of one of the earliest human activities – mining. 
 
Early civilizations such as Bronze and Iron Age were named according to their use of metals. 
The importance of metals is still central to civilization especially industrialization and 
urbanization. Historically, mining and smelting have been the cause of serious environmental 
pollution for example, the first report of „itai-itai‟ disease as a result of cadmium (Cd) pollution 
downstream from lead-zinc (Pb-Zn) mining and processing was reported in the Jinzu River basin 
in Toyama Prefecture, Japan in 1962 (Uetani, 2007). Excellent environmental mitigation and 
remediation measures have been put in place as part of modern mining in Western countries 
although there remain problems as a result of artisanal mining in developing countries. For 
example, the use of mercury (Hg) to extract gold (Au) in Brazil and Mongolia presents an 
important risk to the environment and human health. The enormous quantities of mine waste and 
tailings generated every year are also potentially of concern. In metal mining, less than 1% of 
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processed material is recovered as useful metal (Fields, 2003). It has been estimated by Forstner 
(1999) that the future extraction of lower grade ores will double the quantity of mine wastes 
within the next 20-30 years. The relocation and removal of large quantities of mineral and waste 
can also release chemicals into the environment especially surface water, groundwater and soil 
during the mining lifecycle (Cook, 1976). Moreover, large amounts of additional chemicals used 
in different mining operations e.g., concentration, smelting and refining processes increase the 
complexity of monitoring and preventive measures thus posing more potential risks to the 
environment and human beings. 
 
Many studies have been carried out on potential chemical related contaminations from mining 
operations, for example: i) historical mining and smelting sites: (Li and Thornton, 2001, Chopin 
and Alloway, 2007, Stillings et al., 2008, Adamo, 1996, Schaider et al., 2007b, Arroyo and Siebe, 
2007, Espinosa and Armienta, 2007, Ettler et al., 2005a, Andrade et al., 2006); ii) 
smelter/refinery emissions: (Kaasalainen and Yli-Halla, 2003, Sammut, 2008, Dumat, 2001, 
Ettler et al., 2005b, Foster, 1980, Clevenger, 1991, Tongtavee et al., 2005, Takaoka, 2005, 
Kabala, 2001, Burt, 2003, Sanchez-Rodas et al., 2007)). With the exception of studies on 
abandon mine sites (e.g., the Songcheon Au and Ag mine in South Korea (Lee et al., 2005) and 
the Dukeum, Dongil, Dongjung, Myungbong and Songchun mine areas in the South Korea (Lee 
et al., 2006)), the risk-based approaches is rarely applied in active mines and literatures on 
mining specific precautionary risk assessment methods are not available. The mining industry is 
nevertheless increasingly subjected to rigorous legislation such as REACH with respect to 
chemical emissions with an associated increased risk of prosecution. Therefore, it is crucial to 
develop and implement precautionary environmental risk assessment methodology into day to 
day risk management. 
 
3 
Environmental contamination by synthetic organic chemicals also constitutes a potential hazard, 
and indeed many of the initial applications of environmental risk assessment deal with this class 
of environmental contaminants. As a result, the initial methods used to assess the risk posed by 
environmental contamination, and the criteria used to screen contaminants as a function of their 
potential hazard to the environment, were developed with a focus on synthetic organic chemicals 
(e.g. DYNAMEC). Subsequent attempts to apply this methodology to inorganic contaminants 
proved unsuccessful however (Campbell et al., 2006). This study focuses on the inorganic 
chemicals and the new tiered procedures for assessing environmental and human health risks 
from inorganic chemicals in mining operations are developed and used based on the existing risk 
assessment framework first proposed by the U.S.National Research Council (NRC) (1983). The 
new methodology differentiates organic and inorganic chemicals in a preliminary risk screening 
and prioritisation stage based on the understanding of the fundamental differences between them. 
The risk-based approach also incorporates contemporary decision making tools such as 
Hierarchical Holographic Modelling (HHM), Multi-criteria Decision Making (MCDM) and 
Probabilistic Risk Assessment (PRA) using Monte Carlo Simulations (MCS).  
 
The new tiered risk-based procedures have been applied on three Anglo American plc‟s mining 
operations across three continents and in three different geological and surficial environments, 
viz.: the Rustenburg platinum (Pt) mine (RPM) in South Africa, the Lisheen Pb-Zn mine in 
Ireland and the Richmond Cu smelter. With the help of the new methodology developed, levels 
of potential risks associated with particular mineral mining, milling and processing are analysed 
and communicated. The comparison of the results from the three cases studies demonstrates the 
strengths and weaknesses of implementing a consistent risk-based approach to support mining 
company‟s global strategic decision making, in line with the precautionary principle. 
Recommendations to further development are suggested. 
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1.2 Outline of the Thesis 
In order to develop a practical risk-based approach for the mining industry, it is first necessary to 
review the literatures on mining life-cycle, operations, chemicals used and released from mining 
operations, current regulations on chemicals in the environment as well as contemporary risk 
assessment methodologies (Chapter 2). Based on the literature review, aim, objectives and 
research boundary are then defined (Chapter 3) for this study. The main objectives are also 
broken down to several achievable tasks.  
 
A new tiered risk assessment methodology for the study is developed and presented in Chapter 
4 based on conventional risk assessment framework. The risk assessment procedures used in this 
study consist of two tiers: Tier 1 data collection and data evaluation; Tier 2 exposure assessment, 
toxicity assessment and risk characterisation. In Tier 1, there are two semi-quantitative data 
evaluation methods namely Chemicals of Greatest Concern (CGC) (section 4.2.2) and Media of 
Greatest Concern (MGC) (section 4.2.3). Tier 2 is a traditional probabilistic risk assessment 
(PRA) using Monte Carlo simulation (MCS) based on the results from Tier 1 (Chapter 2, section 
2.4.3.3). 
 
In Chapter 5, toxic metals and metalloids that occur in mineral deposits/ore, used and released 
from mining operations are further studied in depth. Arsenic (As), cadmium (Cd), mercury (Hg), 
lead (Pb), and thallium (Tl) are used as examples to highlight the problems associated with toxic 
metal/metalloid pollution on human health and the environment. Their chemical properties, 
natural and anthropogenic sources, pathways and behaviour in the environment and human 
health impacts are discussed. The international guideline values for heavy metals and the 
methods used to derive those guideline values are considered in the second part of Chapter 5. 
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The applications of the tiered risk assessment methodology in the three case studies, viz.: the 
Rustenburg Pt Mine (RPM), the Lisheen Pb-Zn mine and the Richmond Cu smelter are 
presented in Chapter 6, 7 and 8. The findings of each case study and their site specific 
implications for risk management are discussed respectively. 
 
Evaluation of the new tiered risk-based approach developed are presented in the general 
discussion (Chapter 9). The practicality of the data evaluation methods (i.e., CGC and MGC) 
developed is analysed based on the data availability and quality from three case studies (section 
9.1.1 and 9.1.2). The benefits that the risk-based approach developed contributes to Anglo 
American plc‟s global strategic decision making is demonstrated by comparing performance of 
its international operations using the methodology developed on three case studies (section 
9.1.3). Finally, the strengths and weaknesses of each specific risk assessment procedure used in 
this study are evaluated (section 9.2) and recommendations for further improvement and 
development are discussed based on current uncertainties identified within each procedure. 
 
Finally, Chapter 10 contains the conclusions of the overall study, considers the novelty of the 
research and lists suggestions for further work. 
 
1.3 Paper Produced 
Papers published and submitted 
 
Pan, J., Oates, C. Ihlenfeld, C. Plant, J. and Voulvoulis, N. (2008) Inorganic substances screening 
and prioritisation (ISSP) in risk assessment for mining operations, Mineralogical Magazine, Vol. 
72 (1), pp. 477-481. 
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CHAPTER 2  BACKGROUND LITERATURE REVIEW 
2.1 Mining 
Here the term mining is used in its broadest sense including the extraction of any naturally 
occurring mineral substances (i.e. solid, liquid and gas) from the Earth for use by humankind. 
Together with agriculture, fishing and forestry, these industries continue to supply all the basic 
resources used by modern civilization from prehistoric times to the present. There has been great 
progress in mining technology in many different areas in the last two centuries (Harman and 
Mutmansky, 2002). In the 19
th
 century, the invention of dynamite was the most important 
advance. In the 20
th
 century, the use of continuous mining equipment, which extracts the softer 
minerals like coal without the use of explosives, was perhaps the most notable of these 
accomplishments.  
2.1.1 The Mining Life Cycle 
The overall sequence of activities in modern mining consists of five stages (Harman and 
Mutmansky, 2002): prospecting, exploration, mine development, exploitation and reclamation. 
This study is focused mainly on the environmental and human health impact of the exploitation 
stage of the mining life cycle because this usually involves the relocation/removal of large 
quantities of rock and waste to extract small quantities of ore that therefore has the highest 
probability of releasing inorganic chemicals into the environment of the entire mining lifecycle 
(Cook, 1976). 
 
The emphasis during the exploitation stage is production. Usually only enough development is 
done prior to exploitation to ensure that production can continue uninterrupted throughout the 
life of the mine. Natural concentrations of some non-ferrous metals are very low and invariably 
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contain unwanted impurities. Hence, the tonnages of waste products in the form of tailings and 
overburden can be very large, amounting to many million tonnes per annum from an individual 
mine, e.g. Los Bronces Cu mine, Chile and Rustenburg Pt mine, South Africa. 
2.1.2 Operations in the Exploitation Stage 
The exploitation stage is also referred to as metal relocation stage (Figure 2.1 by Barbour (1994)). 
The whole metal relocation processes start from ore excavation. Traditional ore excavation 
methods fall into two broad categories based on the locale: surface or underground (Harman and 
Mutmansky, 2002). Surface mining includes mechanical excavation methods such as open pit 
and open cast (strip mining) and aqueous methods such as placer and solution mining. 
Underground mining is usually classified in three categories of methods: unsupported, supported 
and caving (see APPENDIX A). 
 
Figure 2.1 Processes Involved in Metal Relocation (Barbour, 1994) 
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After minerals have been excavated from the ground or underground, they usually undergo the 
following three main types of operations, namely milling (mineral processing), smelting and 
refining processes to produce a purified metal that can be traded. Milling which involves mainly 
grinding, froth flotation processes and dewatering aims to produce ore concentrate. Smelting is a 
form of extractive metallurgy which normally includes processes such as pyrometallurgy or 
hydrometallurgy. The former usually involves treating of ores at high temperature to reduce ore 
minerals to purified metals, or intermediate compounds for further refining. Hydrometallurgy 
involves the use of aqueous solutions to extract metals or compounds from their ore. Many 
studies have reported high levels of heavy metals near smelters reflecting both stack emissions 
and other fugitive sources (Tongtavee et al., 2005, Kabala, 2001, Holmes, 1976, Asami, 1984, 
Foster, 1980, Clevenger, 1991, Adamo, 1996, Dumat, 2001, Li and Thornton, 2001, Burt, 2003, 
Chopin and Alloway, 2007). Some heap ore leaching operations also present significant potential 
risks to the surrounding environment (Bartlett, 1992). Some of inorganic chemicals that are 
involved and emitted or discharged from the ore processing plants are discussed below.  
2.1.3 Environmental and Human Health Impacts 
The degree of impact that mining has on the environment varies depending on factors such as the 
minerals mined, the presence of other minerals that may be mined for credits (such as Cd credits 
in Zn mining) or those which present a potential risk, the mining method used and the location 
and size of the mining operations. Therefore the various aspects of mining and how they affect 
the local environment can be investigated and understood to predict potential environmental 
problems. Best practice in mining design and engineering can then be used to minimise any 
potential environmental impacts. The summary of environmental impacts posed by mining are 
summarised in Table 2.1 after Cook (1976).  
 
Historically mining and smelting have been the cause of serious local environmental pollution 
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and thus human health impacts. For example, the first report of „itai-itai‟ disease was from Cd 
contamination downstream from Pb-Zn mining and processing in the Jinzu River basin in 
Toyama Prefecture, Japan (Uetani, 2007). It was the Japanese experience that raised awareness 
and concern about the toxicity of Cd especially in heavily industrialized regions of the world. 
Temple (1977) also reported that a large number of people were suffering from As toxicity in the 
vicinity of two secondary Pb smelters located in a large urban area near Toronto, Ontario, 
Canada. In Koudikasa village of Rajnandgaon district, Madhya Pradesh-India, a large number of 
villagers (42% adults and 9% children) have arsenical skin lesions due to consumption of 
contaminated groundwater from Au and U mine‟s tailings (Chakraborti, 1999). The serious 
incident of air pollution by As from Cu smelter in Anaconda, Montana, U.S. caused serious 
health impact on the surrounding population and smelter workers. The study of Welch et al (1982) 
showed that mortality from ischemic heart disease is significantly increased among As-exposed 
workers of this smelter. A serious incident of air pollution by As also occurred in a small Western 
town near a Au smelter, U.S. which produced 36 tons of As trioxide per day (Mandal and Suzuki, 
2002). High As content in hair, nails and urine were also found in the local populations living 
close to a Cu smelter near Srednogorie, Bulgaria (Mandal and Suzuki, 2002). Most of the human 
health impacts from mining are usually the result of chronic exposure to heavy metals, therefore 
precautionary risk monitoring and assessment can significantly reduce/minimise such impacts. 
The natural occurrence and human health impacts of some key heavy metals and metalloids are 
discussed in Chapter 5. 
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Table 2.1 Summary of Possible Environmental Impacts, Causal Factors, and Possible Mitigating Measures (Cook, 1976) 
Environment 
Environmental 
Impact 
Category 
Specific 
Environmental 
Impact 
Uncontrolled 
Causal 
Factors 
Controllable 
Causal 
Factors 
Possible 
Mitigating 
Measures 
Air 
Air quality Fugitive dust 
Precipitation (lack of ) 
wind soil types 
Coal haul road surfaces  
Haulage road surface areas 
Surface material (soil) Vegetative 
density on mined areas 
Dust control (watering) on coal haul 
roads 
Revegetation of mined areas 
Noise level Blasting noise 
Overburden 
characteristics 
 
Spacing and of overburden blast 
holes 
Blasting sequence 
 
Delaying shots: hole-to-hole or 
row-to-row 
Decking (delaying shots vertically 
within holes) 
Use of less explosive charge 
Use of blasting machines 
Air pressure Air shock Same as above Same as above Same as above 
Surface water 
Physical quality 
Erosion and 
sedimentation 
Precipitation 
Natural topography 
Natural drainage 
patterns 
Natural vegetative 
density 
Length and slope of spoil surfaces 
Water intercepted by open cut 
Type of “soil” on mined areas 
Vegetative density on mined areas 
Reduction of spoil grades 
Reduction of length of unbroken spoil 
slopes 
Diversion of surface drainage around 
active mining areas 
Settlement of suspended solid prior to 
discharge to natural drainages 
Restoration of approximate original 
drainage patterns 
Revegetation of mined areas 
Chemical 
quality 
Acid or 
mineralized 
surface water 
Precipitation 
Overburden 
geochemistry 
Overburden 
stratigraphy 
Inversion of overburden materials 
on spoil piles 
Water intercepted by open cut 
Change in permeability (spoil) 
Length and slope of spoil surface 
Identification and selective placement 
of undesirable overburden materials 
Drainage diversion 
Spreading of topsoil on spoil surfaces 
Grading of spoil soon after placement  
Chemical water treatment 
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Ground 
Water 
Physical quality 
Drawdown 
Natural height of water 
table 
Rates and directions of 
natural groundwater 
flow 
Interception of groundwater by 
open cut 
Reduce length of open cut 
Deepen wells on properties adjoining 
the mine site 
Altered flow 
rates 
Overburden 
characteristics 
Aquifer characteristics 
Replacement of coal seam aquifer 
by spoil material 
Differenced in percolation rates for 
overburden and spoil 
Open final cut (can be beneficial) 
Selective placement of overburden 
materials 
Spreading of topsoil on spoil surfaces 
Backfilling of final cut 
Chemical 
quality 
Acid or 
mineralized 
groundwater 
Precipitation 
Nature of aquifer  
Overburden 
geochemistry 
Same as above Same as above 
Land-use 
potential 
Topography 
Major changes in 
topography (more 
rugged) 
Natural topography 
Spoil swell factor 
Coal seam thickness 
Natural repose angle of 
spoil 
Method of spoil placement 
Removal of coal (thick coal only) 
 
Spoil grading (during or after mining) 
Backfilling of final cut 
Drainage 
Disruption of 
natural drainage 
Natural drainage 
patterns 
Overburden 
geochemistry 
Precipitation 
Method of spoil placement 
Selective placement of overburden 
materials  
Spoil grading 
Vegetation 
Removal of 
native vegetation 
Native vegetation Overburden removal Revegetation 
Surface 
texture 
 
Rocks on spoil 
surface 
Overburden 
characteristics 
Method of spoil placement 
Selective placement of overburden 
materials 
Spreading of topsoil on spoil surfaces 
Appearance 
Changed 
appearance  
Natural topography 
Natural vegetation 
Overburden removal 
Method of spoil placement 
Spoil grading 
Revegetation 
Backfilling of final cut 
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2.2 Chemicals in Mining and Ore Processing 
As discussed in the previous section 2.1.3, many of the environmental and human health impacts 
caused by mining activities are chemical related. It is therefore crucial to understand the sources, 
behaviours and speciation of chemicals in mining environments before conducting any 
environmental assessment. In general, chemicals from mining operation fall into three groups, 
pre-existing naturally occurring chemical substances (such as As, Cd, Hg, Pb and Tl that occur in 
the mineral deposits), chemicals added during mining operations to process the ore and finally 
chemicals generated during the mining, milling, smelting and refining processes. This study is 
concerned mainly with pre-existing naturally occurring inorganic chemicals that have the 
potential to cause adverse impacts on ecosystems and human health if significant amounts are 
released by mining operations.  
2.2.1 Pre-existing Chemicals 
Potentially toxic chemicals co-existing with metals in the ore were generally deposited as a result 
of complex mineralisation processes such as geothermal and/or hydrothermal activity, in relation 
to plate tectonic activities. The concentrations vary according to the ore deposit type in which 
they occur as well as the geological location. For example, high Cd levels are generally 
associated with Zn and Fe, while As and S are associated with Cu in which the main ore mineral 
is chalcopyrite, while high levels of Tl are typically associated K feldspar and pyrite. The 
principal chemicals under consideration for the risk assessments in this thesis are as follows: 
 Non-essential elements: As, Cd, Hg, Pb and Tl;  
 Essential elements: Cu, Fe, Mn, Ni and Zn; 
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The principal metals/metalloids viz., As, Cd, Hg, Pb and Tl studied during this project are 
discussed in Chapter 5. Their chemical properties, natural and anthropogenic sources, behaviour in 
the environment and human health impact are discussed.  
2.2.2 Chemicals Used in Mining and Milling 
The chemicals used on a mine site can be further divided into chemicals used in excavation such 
as mine explosives, and chemicals used in other mining processes such as cyanide leaching, acid 
leaching and froth floatation: 
2.2.2.1 Mining Explosives 
High explosives used for mining and quarrying include four main classes (McAdam and 
Westwater, 1958), namely: 
1. Gelatines 
i. Blasting gelatine 
ii. Sodium nitrate gelignites 
iii. Ammonium nitrate gelignites 
2. Semi-gelatines 
3. Nitroglycerine powder 
4. Non-nitroglycerine explosives 
The use of explosives in mining was the most important advance in the 19
th
 century, however, 
the gases (e.g. ammonia, CO2 and NOx) and dusts (respirable particulates) generated after 
explosion present a great potential health hazard to the mine workers and immediate 
environment that requires intensive ventilation.  
2.2.2.2 Cyanide Leaching 
Cyanide is commonly used to recover gold (Au). Some cyanide species are highly toxic, whereas 
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others are relatively inert and harmless (Bartlett, 1998). Hydrogen cyanide, either in air or 
dissolved in solution is the most toxic form of cyanide. The cyanide ion is also extremely toxic. 
Cyanide in solution is generally classified as: (1) free cyanide, both dissolved HCN and CN
-
 ion, 
(2) total cyanide, which includes free cyanide plus various cyanide metal complexes, and (3) 
weak acid dissociable (WAD) cyanide. Free cyanide concentrations greater than 0.2 mg/kg can 
kill sensitive species in fresh water or the marine environment (Bartlett, 1998).  
 
Cyanide detoxification of spent ore heaps can lead to significant environmental risks. Currently, 
several previously detoxified spent ore heaps are releasing As into the environment (Bartlett, 
1998). While arsenical meteoric water percolating through them, pH is dropping to levels lower 
than the high pH used in cyanide leaching, and arsenopyrite and As bearing pyrite are being 
bio-oxidised slowly. Consequently, As is being dissolved giving rise to significant environmental 
risks especially through surface and ground water. The WHO drinking water standard for As is 
only 10 g/L. Some spent Au heaps are also generating leachate with high levels of nitrate that 
exceed environmental standards from cyanide decomposition. 
2.2.2.3 Acid Leaching 
Acid leaching of ores and concentrates is the commonest method used in hydrometallurgy to 
dissolve and concentrate metals, but its use is generally confined to ores which do not contain 
large amounts of acid-consuming gangue minerals (Bartlett, 1992). Some ores can be treated by 
acid directly using various techniques at atmospheric pressure, but others may require 
concentration or pre-treatment at elevated pressure before or during leaching. The most 
commonly used acids are sulphuric acid and hydrochloric acid. Generally in solution mining, 
environmental concern is with toxic metals and metalloids (e.g. As, Cd, Pb, etc) and chemicals 
used in leaching.  
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2.2.2.4 Reagents in Flotation 
The reagents used in flotation are generally interfacial surface tension modifiers, surface 
chemistry modifiers, and/or flocculants. Usually they are classified under five headings 
(American Cyanamid Company, 1989):  
1. Collectors (some times known as flotation collector or promoters) such as alkyl xanthates 
and alkyl dithiocarbonates; 
2. Frothers, such as aliphatic alcohols, pine oils, terpineols, cresylic acid, alkoxyparaffins and 
polyglycolethers; 
3. Modifiers such as pH Modifier: lime (CaO), soda ash (Na2CO3), caustic soda (NaOH), and 
acid e.g. H2SO4, HCl; 
4. Activators and depressants e.g. resurfacing agent:  
Cations ( 2Ba 2Ca 2Cu 2Pb 2Zn Ag )  
Anions: (
2
3SiO
3
4PO
CN
2
3CO
2S )  
Organic Colloids: dextrin, starch, glue, etc 
2.2.3 Chemicals Generated in Mining, Milling and Smelting 
The chemicals released and used in mining operations are most likely to be released in the form 
of acid mine drainage (AMD) and air emissions from smelting and refining processes to the 
environment. 
2.2.3.1 Acid Generation – Acid Mine Drainage (AMD) 
Acid drainage is produced by the exposure of certain sulphide minerals, most commonly pyrite, 
to air and water, resulting in the production of acidity and elevated concentrations of metals and 
sulphate (Skousen and Ziemkiewicz, 1996). The sulphur in the mineral is oxidized to a higher 
oxidation state, and aqueous iron, if present, is precipitated as ferric iron. Sulphide minerals are 
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often found in rock that lies below a mantle of soil beneath the water table. Under natural 
conditions, the overlying soil and groundwater allow very little contact with oxygen, so that acid 
generation proceeds only slowly and its effect on groundwater quality is negligible. When the 
rock is exposed to air and water by mining however, the rate of acid generation is accelerated. 
 
If a metal or metalloid are both present in a mineral (e.g., arsenopyrite, FeAsS), the metalloid 
substitutes for sulphur in the crystal structure. These minerals form in strong chemically reducing 
environments as indicated by sulphur which is present in its lowest natural oxidation state. The 
fine-grained pyrite has a significantly higher rate of acid generation when exposed to an 
oxidizing environment than coarsely grained pyrite (Skousen and Ziemkiewicz, 1996). 
Nevertheless, marcasite, a low temperature iron-sulphide mineral that may form instead of pyrite 
and which reportedly has a higher rate of acid generation under oxidizing conditions than 
crystalline pyrite.  
2.2.3.2 Emissions from Smelting and Refining 
Emissions from smelting and refining concentrates also pose significant environmental and 
human health risks. Apart from the aerosols, green-house gases (e.g. CO2 and N2O, etc ) and acid 
rain forming gas (SO2), Schaider et al (2007b) also reported that the smallest respirable particles 
contain 15-22 times higher concentrations of Zn, Pb and Cd than the bulk samples. The 
source-pathway-receptor model (Figure 2.2) shows the potential exposure routes involved in the 
risk assessment for smelters based on several studies on various smelters (Foster, 1980, 
Clevenger, 1991, Adamo, 1996, Dumat, 2001, Kabala, 2001, Li and Thornton, 2001, Burt, 2003, 
Takaoka, 2005, Tongtavee et al., 2005, Ohta, 2006, Chopin and Alloway, 2007, Park et al., 2007, 
Sanchez-Rodas et al., 2007, Wang, 2007, Sammut, 2008). 
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Figure 2.2 Generic Source-Pathway-Receptor Model for Smelter Emissions 
 
2.2.4 Inorganic and Organic Chemicals 
The different chemical properties of organic and inorganic compounds especially differences in 
their persistence and bioaccumulation give rise to significant difference in their behaviour in the 
environment (Campbell et al., 2006). Campbell et al., (2006) also summarised the principal 
differences between these two classes of contaminants (Table 2.2). For example, although the 
oxidation state of metals can be changed in the environment, they are not degraded in the same 
manner as organic chemicals and metals are generally classified as persistent. While some 
organic chemicals are more resistant to degradation than others, they can be broken down into 
their fundamental components (e.g. carbon, hydrogen, oxygen, chlorine). The rate of this 
degradation, whether biotic or abiotic, is often described by the chemical‟s half-life, a term that 
is not applicable to metals because of their persistent nature. But metal species can be changed to 
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less toxic forms via speciation transformations. 
Table 2.2 Comparison of Metals and Synthetic Organic Contaminants (Campbell et al., 
2006) 
Characteristic Synthetic organic Contaminants Metals 
Origin 
Anthropogenic; background 
concentrations → 0  
Geogenic (naturally occurring); 
background concentrations variable 
Fate 
Subject to various degradation 
processes (hydrolysis, photolysis, 
biodegradation); environmental 
half-lives meaningful; parent → 
daughter compounds (irreversible 
changes); biomagnification common 
Not subject to degradation processes; 
infinitely persistent; environmental 
half-lives not meaningful; changes in 
metal speciation (reversible); 
biomagnification rare (exception: 
methyl-Hg) 
Interactions with 
Living Cells 
Uptake often by simple diffusion across 
a bilipid barrier; generic narcotic effects 
Update normally by facilitated 
transport; metal-specific toxicity 
Biological Function 
None; bioaccumulation not a natural 
phenomenon 
Often biologically essential; 
bioaccumulation a natural 
phenomenon 
 
Generally, in comparison to metal bioavailability, the bioavailability of organic compounds is 
more readily understood, predictable and amenable to modelling. The bioavailability of organic 
compounds is largely limited by sorption onto substances which are too large to pass through the 
gills or epithelia of organisms (McKim, 1994). Because the complexed or sorbed compounds 
cannot pass across membranes, they cannot bioaccumulate or cause toxicity by such processes. 
The most important factors influencing organic chemical complexation and sorption are 
hydrophobicity, lipophilicity and molecular size (Clements et al., 1988), and the 
presence/absence of reactive or functional groups such as amines (Bradbury et al., 1990). The 
uptake of organic chemicals is generally predicted by their octanol/water partition coefficient 
(Log Kow) (U.S. EPA, 1991). Because the octanol-water partition coefficient is designed to 
mimic the partitioning of lipophilic organic compounds into the fatty tissue (lipid) of organisms, 
it is not applicable when describing the bioaccumulation of metals, which accumulate through 
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different mechanisms. For organic chemicals, sorption is largely a function of the chemical‟s 
hydrophobicity and the presence of sorption sites (i.e. organic carbon). Metal ions are generally 
influenced by the polar or ionic properties, and their uptake is controlled by their chemical form 
(speciation) and the properties of their surrounding medium. For example, it has recently been 
proposed that the bioavailability of metals in sediments can be predicted by comparing the 
concentration of „simultaneously extractable metals‟ (SEM) with the concentration of „acid 
volatile sulphide‟ (AVS), the free sulphide available in the sediments for complexing free 
dissolved metals (Allen et al., 1991, Di Toro et al., 1990, Di Toro et al., 1992, Casas and 
Crecelius, 1994). 
 
Finally, unlike synthetic organic compounds, metals and other inorganic compounds are a natural 
part of and in some instances are essential for life and the survival of many organisms. As 
micronutrients, trace metals play an essential role in tissue metabolism and growth. Essential 
elements include Co, Cu, Cr, Fe, Mn, Ni, Mo, Se, Sn and Zn. Severe deficiency of these essential 
metals can cause death, whereas marginal imbalances may contribute to poor health and/or retard 
growth. All species are, however, dependent on the presence of these micronutrients to maintain 
life and reproductive capacity (Kieffer, 1991).  
 
2.3 Current Regulation of Environmental Chemicals 
Much legislation has been introduced to prevent damage occurring to the environment and 
human health from chemicals but other approaches including voluntary approaches from 
government and industry have been adopted. This section focuses on the current International, 
European and the UK‟s approaches on the impacts of chemicals on the environment and on 
human health via the environment. 
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2.3.1 International Activities on Chemicals 
The OECD and ICCA HPV Chemicals Programmes 
In 1990, Organisation for Economic Co-operation and Development (OECD) decided to embark 
on a system for evaluating the hazards from High Production Volume (HPV
1
) Chemicals that 
would involve the co-operation and sponsorship of all member countries (Garrod, 2006). 
Industry would be encouraged to provide the information needed to complete a Screening 
Information Data Set (SIDS) with an agreed number of initial toxicological and 
eco-toxicological end points. When the SIDS is complete, an initial appraisal of the data is made 
(SIAR, SIDS initial Assessment Report), the potential hazardous properties of the chemical are 
identified and areas for future work are recommended as necessary. In 1998 a major voluntary 
initiative was launched by the International Council of Chemical Associations (ICCA) to provide 
internationally harmonised data sets and hazard assessments for approximately 1000 HPV 
chemicals. The ICCA has been working in partnership with the refocusing OECD HPV 
programme and using the OECD HPV Chemicals List to establish priority chemicals for action. 
Chemical companies have been providing data necessary for the various physical and chemical 
properties and toxicological and eco-toxicological end points required under the OECD 
programme. Industry recognises the value of the availability of the hazard data to internationally 
agreed guidelines to prevent duplication of testing, thereby minimising the numbers of animals 
used for testing and costs and that it provides a framework for the risk assessment of the 
chemicals on a global, regional or national basis. 
 
United Nations Environment Programme (UNEP) 
In addition to work carried out on chemicals by the OECD, the United Nations coordinates a 
wide range of international activities to control hazardous chemicals. The Stockholm Convention 
                                                        
1 HPV chemicals are defined as those chemicals reported to be produced or imported into member countries of OECD or the EU 
in quantities of over 1000 tonnes per year. 
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(2008) is a worldwide treaty to protect the environment and human health from persistent 
organic pollutants (POPs)
2
. It is an international legally binding instrument, implemented 
international action on POPs into the environment. The Convention entered into force in May 
2004 and was ratified by EU in November 2004 and by the UK in January 2005. 
 
In 1998 governments adopted the Rotterdam Convention (2005) of the United Nations which 
made the Prior Informed Consent (PIC) Procedure for Certain Hazardous Chemicals and 
Pesticides in International Trade legally binding. The Rotterdam Convention gave importing 
countries the means of identifying potentially hazardous chemicals and to withhold importation 
of any that they were unable to manage safely. It also enforces compliance on exporters to meet 
the requirements of PIC. The Rotterdam Convention entered into force on 24
th
 February 2004 
after the EU had implemented in January 2003 Regulation 304/2003/EEC concerning the export 
and import of dangerous chemicals (Garrod, 2006). 
 
A decision to create a Strategic Approach to International Chemicals Management (SAICM) was 
adopted by the UNEP Governing Council in February 2002 (Garrod, 2006). UNEP agreed to 
work with member governments and other stakeholders to review current actions to advance the 
sound international management of chemicals, to further advance the approach of the 
Intergovernmental Forum on Chemical Safety (IFCS) Bahia Declaration on Chemical Safety
3
 
and to propose specific projects and give them priorities.  
2.3.2 Regulations in Europe  
Registration, Evaluation and Authorisation of Chemicals (REACH) 
                                                        
2 POPs include organochlorine insecticides such as DDT, aldrin and dieldrin, toxaphene, PCBs and dioxins and furans, are 
chemicals which persist in the environment for long periods of time, have the properties to become very widely distributed 
around the globe, bioaccumulate in the bodies of living organisms and are toxic to wide life and humans. 
3 The Bahia Declaration of 2000 set out some key goals for chemicals in the international arena. These were centred on the 
essential role of robust chemical management in sustainable development and the protection of human health and the 
environment and promoted a precautionary approach. 
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In February 2001, the European Commission (EC) published a White paper that signalled a 
major change to chemical regulation within the European Union due to the increasing concern 
over the adequacy of existing protection from environmental pollution offered to humans and 
wildlife. The REACH which was enforced from 1
st
 June 2007, requires a unified system for all 
chemicals produced at annual volumes of greater than 1 tonne not covered by specific, more 
demanding legislation – such as pharmaceuticals and agrochemicals. A key element of the 
REACH is the stepwise increase in toxicity data requirements as a chemical‟s market or 
production volume increases. As a result, REACH has a major impact on chemical risk 
assessment practices in Europe, in particular with respect to abolition of the difference in 
approach to „existing‟ and „new‟ chemicals and the change from the current system where 
government authorities are responsible for risk assessment, to the producer or importer of a 
chemical becoming responsible for ensuring the adequacy of risk assessment undertaken. The 
producer/importer is obliged to make toxicity and exposure data and safe-handling advice 
available to the authorities, customers along the entire supply chain, and the public. 
 
The Oslo and Paris Convention for the Protection of the Marine Environment of the North 
East Atlantic (OSPAR) 
The Convention for the Protection of the Marine Environment of the North-East Atlantic of 1992 
(the OSPAR Convention) aims to safeguard the marine environment against the adverse effects 
of human activities, including pollution from hazardous chemicals to protect human health and 
to conserve the marine ecosystem (OSPAR, 1992). It entered into force in March 1998. An 
OSPAR Commission was established to administer the Convention and to develop policy and 
international agreements. A list of Substances of Possible Concern to the marine environment has 
been drawn up and individual chemicals prioritised for risk assessment and any necessary action 
has been determined. The list is a dynamic one and it is regularly revised. The list was drawn up 
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according to a Dynamic Selection and Prioritisation Mechanism for Hazardous Substances 
(DYNAMEC) developed by the Convention. The DYNAMEC mechanism is discussed further in 
section 2.4.4.3 Industries are invited to bring forward data for each prioritised chemical and each 
is adopted by a sponsor country which, in conjunction with OSPAR, produces a background 
document covering the properties of the chemical and likely pathways to the marine environment. 
The document provides an environmental risk assessment and is used to recommend any action 
required to meet the aims of the Convention on hazardous substances (OSPAR, 1992). 
2.3.3 UK Voluntary Approaches to Chemicals in the Environment 
UK Chemicals Strategy 
In 1999 the UK Government set out its proposals for a Chemical Strategy on the Sustainable 
Production and Use of Chemicals (Defra, 2002a). It aimed to avoid harm to the environment and 
human health via environmental exposure to chemicals. The strategy was designed to make 
information about the environmental risks of chemicals publicly available and to continue to 
reduce the risks to the environment from chemicals while maintaining the competitiveness of 
industry and to phase out those chemicals that pose an unacceptable risk to the environment and 
human health. A key feature of the strategy was the establishment of the UK Chemicals 
Stakeholder Forum (CSF) in 2000 to promote better understanding between stakeholders on 
issues of chemicals and the environment and to provide advice to the Government about 
chemicals in the environment to guide the development of policy. The work of the CSF has been 
carried out in conjunction with technical support from the Environment Agency and the UK 
Advisory Committee on Hazardous Substances (ACHS)
4
, which provided technical support to 
the CSF to its terms of reference in 2000 (Defra, 2008). 
 
                                                        
4 ACHS is an independent Scientific Non-Departmental Public Body made up of 10 experts in the fields of toxicity, eco-toxicity 
and the properties and behaviour of chemicals in the environment. 
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Royal Commission on Environmental Pollution 
The Royal Commission on Environmental Pollution (RCEP) is an independent standing body 
which was established in 1970 to advise the Queen, the Government and members of the public 
on environmental issues. Its 24
th
 report published in June 2003 was entitled „Chemicals in 
Products; Safeguarding the Environment and Human Health‟ and it sought to challenge current 
approaches to the regulation of chemicals and to make recommendations for a future regulatory 
system (RCEP, 2008). Some of its recommendations to the REACH proposals include a stepwise 
system for handling chemicals commencing with the compilation of a list of all marketed 
chemicals, sorting, selecting and evaluating chemicals of concern and introducing risk 
management action where necessary. The Commission also considered aspects of how to manage 
a chemical assessment programme, international harmonisation of processes and procedures and 
various ways to encourage action from industry through, for example, the introduction of a 
charging scheme to encourage chemical substitution, further voluntary initiatives like those 
promoted by the CSF, better information supply and labelling and improvements to the 
regulatory process to stimulate innovation in the chemical industry (RCEP, 2008). 
2.4 Risk Assessment in Environmental Management 
There is increasing concern about the harm that human activities can cause to the environment, 
and the harm to people or the loss of quality of life that can result from environmental 
degradation. From the review of current regulations on chemicals in the environment, it is clear 
that there is a global trend to encourage voluntary industry initiative approaches to reduce 
chemical related risks. As a result, it is imperative to manage activities in a way that minimises 
the risks of environmental damage, while at the same time ensuring economic growth and social 
progress. The interaction between human activity and the environment however, is complicated 
and difficult to quantify, and it is not easy to judge where the balance should lie between 
environmental protection and economic and technological progress. As a result, environmental 
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risk assessment emerges as a key element in the appraisal of these complex problems, and for 
formulating and communicating the issues so that transparent and equitable policy, regulatory or 
other decisions can be taken.  
2.4.1 Risk, Risk Assessment and Risk Management 
First of all, the definitions of risk, risk assessment and risk management used in this study and 
the links among them require clarification. 
 
Risk is the product of the likelihood of a hazardous event happening (probability) and the 
magnitude of its consequence (severity) (Burgman, 2005, Haimes, 1998, Haimes et al., 2002, 
Lambert et al., 2001).  
 
Risk assessment is defined as the process of identifying a potential danger to the quantitative 
characterisation of risks by the German Risk Commission (2002). The most common problem is 
that the risk with low probability but high severity may have the same mathematical value as the 
risk with high probability but low severity. A good risk assessment methodology should treat 
those two categories of risks separately and forming appropriate remediation strategies 
respectively. As a result, it is the scientific and objective component playing a key role in whole 
risk management cycle. 
 
Risk management is a sequence of structured approaches to managing uncertainty related to a 
hazardous event which usually includes: risk assessment, risk perception and communication, 
remedial strategies development, and mitigation of risk. It encompasses disciplines from the 
natural, engineering, political, economic and social sciences (Gerrard and Petts, 1998). The 
framework of tiered approach to risk assessment and management used by UK Defra is shown in 
Figure 2.3.  
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Risk management cannot and should not be based simply on scientific understanding of how best 
to manage risks (Earle and Cvetkovich, 1997). The incorporation of social preferences, often 
characterised in terms of the moral and ethical implications that lie at the heart of a democratic 
society has to be addressed at some point within the decision-making process (Gerrard and Petts, 
1998). As a result, the UK government adopted a cyclical view of risk management (Figure 2.3 
by Defra (2002b) and 2.4 by Gerrard and Petts (1998)) which integrates scientific risk 
assessment process and subjective value judgement. This differs from many of its counterparts in 
that the cycle (Figure 2.4) emphasizes the importance of feedback to the extent that the starting 
and finishing points for risk management merge. 
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Figure 2.3 Framework of Risk Assessment and Risk Management (Defra, 2002b) 
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Figure 2.4 The Risk Management Cycle (Gerrard and Petts, 1998) 
 
2.4.2 Uncertainty in Risk Assessment 
As mentioned at the beginning of this thesis, one of the most important features of risk 
assessment is the degree of uncertainty involved because all risk assessments are predictive. At 
the simplest level, the lack of data on the existing operations relating to the use of a particular 
chemical will make any estimate of the likely exposure uncertain. At the other end of the scale, 
despite extensive research, the precise relationships between low levels of exposure to various 
chemicals and the resultant human health effects remain uncertain. Floyd (2006) identified four 
main types of uncertainties that are usually present in risk assessment: 
a) Knowledge uncertainty. If the mechanisms or interactions between different system 
components are unknown, this represents knowledge uncertainty (“we do not know what we 
do not know”); 
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b) Real world uncertainty. The world we live in is characterised by uncertainty. Although the 
range of „natural‟ conditions can be predicted probabilistically, there is always uncertainty. 
For example, although we can predict that 50% of our laboratory animals that will die at an 
LD50 dose, we cannot predict which ones will succumb; 
c) Data uncertainty. This arises when knowledge is based on limited or incomplete sets of 
data, or data that may be subject to random errors. This type of uncertainty is usually 
expressed in terms of confidence limits (we do not have full information); 
d) Modelling uncertainty. This is determined by the validity of the methods used to predict 
possible future outcomes, often in mathematical terms. These uncertainties can arise from a 
lack of knowledge, from the decisions made by analysts during the modelling process (bias) 
and from assumptions inherent in different models (models represent our best judgement); 
 
Except the real world uncertainty which is outside the scope of this research, the other three may 
be controlled and reduced to a relatively acceptable level. During risk assessment, it is also 
crucial to understand that assigning a category to a particular uncertainty is not as important as 
recognising that uncertainty is present. 
2.4.3 Environmental Risk Assessment Methodology 
Environmental risk assessment involves an analysis of information on the environmental fate and 
behaviour of chemicals in the environment (i.e., soil, water and air) combined with an analysis of 
information on their effects on human beings and ecological systems (Maltby, 2006). Therefore, 
environmental risk assessment is a broad term involving both human health risk assessment and 
ecological risk assessment. 
2.4.3.1 Human Health Risk Assessment 
The risk assessment literature has been dominated by the U.S. risk assessment practices and 
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issues since quantitative risk assessment was first developed there and it has become entrenched 
in the U.S. environmental regulatory system to a greater degree than in any other country 
(Hrudey, 1998). This is particularly the case with cancer risk assessment. This means that despite 
the diversity of exposure patterns and target populations to which published exposure standards 
are intended to apply, the risk assessment processes are broadly similar. A four-step process of 
standard risk assessment was recommended by the U.S. National Research Council (NRC) (1983) 
(Figure 2.5): 
1) The first step is the identification of a hazard, i.e., the qualitative identification of the harmful 
properties of a material.  
2) The second step is the quantitative description of the dose-response relationship. The effect 
produced at a particular dose is determined, especially whether there is a threshold value for 
harmful effects or whether there are risks associated with even the smallest doses.  
3) The third step involves assessing exposure, i.e., the strength and duration of exposure to a 
harmful substance by a population.  
4) Finally, the fourth step involves characterisation of the risk associated with exposure.  
One of the most comprehensive guidelines on human health risk assessments is the one 
developed for CERCLA (Comprehensive Environmental Response, Compensation and Liability 
Act 1980) the so-called „Superfund‟ legislation of the USA (U.S.EPA, 1989). The four steps are 
described here individually in the following „General Risk Assessment Procedures Section‟. 
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• Gather and analyse relevant site 
data 
• Identify potential chemicals of 
concern
1. Hazard Identification
(Data Collection & Evaluation)
3. Exposure Assessment
2. Toxicity Assessment
4. Risk Characterisation
• Analyse contaminant releases
• Identify exposed populations
• Identify potential exposure 
pathways
• Estimate exposure 
concentrations for pathways
• Estimate contaminant intakes 
for pathways
• Collect qualitative and 
quantitative toxicity information
• Determine appropriate toxicity 
values
• Characterise potential for 
adverse health effects to occur
• Estimate cancer risks
• Estimate non-cancer 
hazard quotients
• Evaluate uncertainty
• Summarise risk information 
Figure 2.5 Baseline Risk Assessment Framework Proposed by the NRC (1983) 
2.4.3.2 Ecological Risk Assessment 
Ecological risk assessment (ERA) is that component of environmental risk assessment which is 
concerned with the effects of chemicals on non-human populations, communities and ecosystems. 
Except for threatened or endangered species, the goal of ERA is the protection not of individuals 
but rather of populations and communities. This may take the form of protecting the most 
sensitive species. Alternatively, some level of damage to individuals may be tolerated, provided 
that populations and communities as a whole are not harmed (Campbell et al., 2006). Ecological 
risk assessment follows the procedural framework shown above in Figure 2.5. There is a slight 
difference in the structural processes compared to human health risk assessment. The U.S. EPA 
(1998) suggests that an ecological risk assessment is divided into three phases, namely: 
1) The first phase is problem formulation, the appropriate section of the ecosystem is defined and 
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the ecological effects and the stressors assumed to be the causes are described in a (usually 
qualitative) conceptual model. This forms the basis for the second phase.  
2) Analysis, in which the probability of exposure is tested and the magnitudes and types of 
ecological effects expected from a particular level of exposure are determined.  
3) Finally, risk characterisation is performed as a result of understanding exposure and stressor 
effect profiles. Risk characterisation involves assumptions and there are assessment uncertainties 
inherent in the analysis. 
2.4.3.3 General Risk Assessment Procedures 
Under the general risk assessment framework (Figure 2.5), risk assessment usually involves the 
four main components of: hazard identification, toxicity assessment, exposure assessment and 
risk characterisation. The following section reviews the Superfund guidelines on human health 
risk assessment developed by U.S. EPA. This particular guideline is chosen to demonstrate the 
standard processes of risk assessment since most risk assessments follow a similar procedure. 
This section is intended to be a summary description where most important terminologies used 
throughout this study are explained and defined. Additional details are given in the references of 
this Chapter especially these of the U.S. EPA(1989) and U.S. EPA (1992). 
a) Hazard Identification 
Hazard identification is achieved based on data collection and evaluation. Data collection is the 
procedure that acquires reliable chemical release and exposure data for quantitative risk 
assessment at hazardous waste sites. The procedure involves the following important tasks: 
1) Review of available site information; 
2) Consideration of the modelling parameters needs in relation to background sampling needs; 
3) Preliminary identification of potential human exposure; 
4) Development of an overall strategy for sample collection; 
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5) Definition of required Quality Assurance/Quality Control (QA/QC) measures. This requires 
several types of data be collected; 
The most important data needed for a baseline risk assessment include: 
 Contaminant identification; 
 Contaminant concentrations from the key sources and in the media of interest; 
 Characteristics of the potential sources, especially information related to release potential;  
 Characteristics of the environmental setting that may affect the fate, transport, and 
persistence of the contaminants. 
 
Following data collection, a large quantity of analytical data is usually available. Thus the data 
evaluation procedure involves organisation of the data into a form appropriate fro a baseline risk 
assessment. The data evaluation procedure generally involves: 
1) Gathering all of the data available from the site investigation which is sorted according to 
medium; 
2) Evaluation of the analytical methods used; 
3) Evaluation of the data quality (with respect to sample and analytical errors, QA/QC); 
4) Evaluation of levels of contaminants identified with respect to background; 
5) Development of a set of data for use in the risk assessment (designed ideally to limit the 
number of chemicals to be carried through the risk assessment). 
b) Toxicity Assessment 
Toxicity assessment, also called dose-response assessment aims to provide a quantitative 
evaluation of the relationships between the dose of the substance and the incidence of health 
effects in the target population based on available toxicity data (U.S.EPA, 1989). On the basis of 
the hazardous chemical substances identified in the first stage, a general distinction needs to be 
made between toxicity assessment for non-carcinogenic effects and toxicity for carcinogenic 
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effects. 
 
Toxicity assessment for non-carcinogenic effects 
For many non-carcinogenic health effects, protective mechanisms are believed to exist that must 
be overcome before any adverse effect is manifested. This is called the threshold in 
non-carcinogenic toxicity assessment. A reference dose (RfD) is most often used in evaluating 
non-carcinogenic effects resulting from exposures at sites. Various types of RfDs are available 
depending on the exposure route (oral or inhalation), the critical effect (developmental or other), 
and the length of time of exposure being evaluated (chronic, subchronic, or single event). The 
derivation of general chronic RfDs is used as an example: 
A chronic RfD is defined as an estimate (with uncertainty spanning perhaps an order of 
magnitude or greater) of a daily exposure level for the human population, including sensitive 
subpopulations, that is likely to be without an appreciable risk of deleterious effects during a 
lifetime. Chronic RfDs are specifically developed to be protective for long-term exposure to a 
compound. As in the guidelines for Superfund program risk assessments, chronic RfDs generally 
should be used to evaluate the potential non-carcinogenic effects associated with exposure 
periods between 7 years (approximately 10 percent of a human lifetime) and a lifetime.  
 
The highest "No-Observed-Adverse-Effect Level" (NOAEL) obtained mostly from animal 
dose-response studies are used as the base for deriving RfD for specific chemical compounds 
together with their uncertainty factors. In cases where experimental studies have failed to 
identify a NOAEL but there is a strong basis for believing that a threshold does exist, the level at 
which the lowest-Observed-Adverse-Effect Level (LOAEL) was seen experimentally may be 
used. In such instances an additional uncertainty factor is applied to reflect the greater degree of 
uncertainty as to where the threshold level is situated. Many chronic RfDs have been reviewed 
 36 
and verified by an intra-Agency RfD Workgroup and entered into the U.S. EPA's Integrated Risk 
Information System (IRIS, 2008).  
 
Toxicity assessment for carcinogenic effects 
Two types of toxic response are commonly believed not to have a threshold below which the 
possibility of an adverse effect can be discounted: mutagenicity and genotoxic carcinogenicity. 
In the case of carcinogens, the U.S. EPA (1989) assumes that a small number of molecular events 
can evoke changes in a single cell that can lead to uncontrolled cellular proliferation and 
eventually to a clinical state of cancer. This hypothesized mechanism for carcinogenesis is 
referred to as "non-threshold" because there is believed to be essentially no level of exposure to 
such a chemical that does not pose a finite probability, however small, of generating a 
carcinogenic response. That is, no dose is thought to be risk-free. Therefore, in evaluating cancer 
risks, an effect threshold cannot be estimated. For carcinogenic effects, EPA uses a two-part 
evaluation in which the substance is first assigned a weight-of-evidence classification, and then a 
slope factor (SF) is calculated.  
 
Generally, the SF is a plausible upper-bound estimate of the probability of a response per unit 
intake of a chemical over a lifetime. The SF is used in risk assessments to estimate an 
upper-bound lifetime probability of an individual developing cancer as a result of exposure to a 
particular level of a potential carcinogen. In the U.S. particularly, mathematical models are used 
to quantify the SF using the results of high-dose animal experiments to predict low-dose human 
exposure situations. Examples include Multi-hit, Weibull and multi-stage models, with the U.S. 
EPA adopting a linearised multistage model (LMS) as a default approach in the absence of 
overriding pharmacokinetic, metabolic or mechanistic data (Paul et al., 2006). SFs should always 
be accompanied by the weight-of-evidence classification to indicate the strength of the evidence 
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that the agent is a human carcinogen.  
 
A SF and the accompanying weight-of-evidence determination are the toxicity data most 
commonly used to evaluate potential human carcinogenic risks. This quantitative approach to 
non-threshold risk assessment however, has yet to find much favour in the UK and Europe (Paul 
et al., 2006). 
c) Exposure Assessment 
The objective of the exposure assessment is to estimate the type and magnitude of exposures to 
the chemicals of potential concern that are present at, or migrating from, the site. The results of 
the exposure assessment are combined with chemical-specific toxicity information to 
characterize potential risks.  
 
Exposure is defined as the contact of an organism (humans in the case of health risk assessment) 
with a chemical or physical agent. Most of the time, the chemical is contained in air, water, soil, 
a product, or a transport or carrier medium; the chemical concentration at the point of contact is 
the exposure concentration. Exposure over a period of time (t) can be represented by a 
time-dependent profile of the exposure concentration (c). The area under the curve of the profile 
is the magnitude of the exposure, in concentration-time units (U.S.EPA, 1992): 

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The magnitude of exposure could also be determined by measuring or estimating the amount of 
an agent available at the exchange boundaries (i.e. the lungs, skin, gut) during a specified time 
period. As a result, exposure assessment is the determination or estimation (qualitative or 
quantitative) of the magnitude, frequency, duration and route of exposure. The exposure 
assessment consists of two main steps: 
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Step 1. Identification of exposure pathway 
According to U.S EPA (1992), an exposure pathway generally consists of four elements: (1) a 
source and process of chemical release, (2) a retention or transport medium, (3) a point of 
potential human contact with the contaminated medium (referred to as the exposure point) and (4) 
an exposure route (e.g. ingestion) at the contact point. A pathway is complete if there is (a) a 
source or chemical release from a source, (b) an exposure point where contact can occur, and (c) 
and exposure route by which contact can occur. Otherwise the pathway is incomplete, for 
example when there is a source releasing to air but there are no people nearby. 
Step 2. Exposure quantification 
The exposure assessment process aims to quantify the magnitude, frequency and duration of 
exposure for the populations and exposure pathways selected for quantitative risk assessment. 
Equation (1) is the general equation used for calculating exposure through ingestion and 
inhalation of hazardous substances and it is expressed as an average daily dose.  
 
365


ATBW
EFEDIRC
ADD            (1) 
Where: 
ADD  =  Average Daily Dose 
C  = Contaminant concentration in the environmental sample (e.g. Soil, water, air in 
    mg/kg, mg/L and mg/m
3
, etc) 
IR  = Ingestion rate per unit time (kg/day, L/day and m
3
/day, etc) 
ED  = Exposure duration (years) 
EF  = Exposure frequency (days/year) 
BW  = Body weight of the receptor (kg) 
AT  = Averaging time (years) 
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d) Risk Characterisation 
Risk characterisation serves as the bridge between risk assessment and risk management and is 
therefore a key step in the ultimate site decision making process. Non-carcinogenic and 
carcinogenic effects are distinguished and treated separately during the process. 
Non-carcinogenic Effect 
The potential for non-carcinogenic effects is evaluated by comparing an exposure level over a 
specified time period (e.g., life time) with a reference dose derived from a similar exposure 
period. This ratio of exposure to toxicity is called a hazard quotient (HQ) and is described in the 
following equation (2):  
 
HQ = E/RfD           (2) 
 
Where: 
HQ  = Non-carcinogenic Hazard Quotient; 
E  = exposure level (or intake, e.g., ADD); 
RfD = Reference Dose   
(E and RfD are expressed in the same unit).  
 
The non-carcinogenic HQ assumes that there is a level of exposure (i.e., RfD) below which it is 
unlikely for even sensitive populations to experience adverse health effects. If the exposure level 
exceeds this threshold, there may be concern for potential non-carcinogenic effects. As a result, 
the greater the value of HQ above unity, the greater the level of concern. The value of HQ 
however, should not be interpreted as statistical probability.  
 
Carcinogenic Effect 
The cancer risk probability is determined from the slope factor (SF) of the dose-response curve 
in the low-dose region where the relationship between the exposure dose (measured in mg/kg 
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BW-day) and response (measured in terms of probability of developing cancer) is assumed to be 
linear in the low-dose portion of the dose-response curve(U.S. EPA, 2005a). According to this 
assumption, the SF is a constant and risk will be related directly to intake. The lifetime exposure 
level (ADDlife) can be obtained from the previous exposure assessment by prorating the exposure 
incurred over the exposure duration over the expected life span (e.g., 70 years). Cancer risk is 
then calculated using the following equation (3): 
 
Cancer risk = ADDlife x SF           (3) 
 
Where: 
Cancer risk = a unitless probability (e.g., 1 x 10
-6
) of an individual developing cancer; 
ADDlife  = chronic daily intake averaged over expected life span (e.g., 70 years) 
(mg/kg-day); 
SF   = slope factor, expressed in (mg/kg-day)
-1
. 
2.4.3.4 Qualitative vs Quantitative 
Risk assessment can also be classified according to its qualitative and quantitative properties. 
Qualitative risk assessments are both deterministic point estimate risk assessment and 
probabilistic risk assessment. Quantification of subsequent risk scores is based on exposure 
assessment and toxicity assessment; therefore, quantitative risk assessment requires a sufficient 
number of environmental monitoring/modelling data. In contrast, at a strategic level; the 
comparative risk assessments used to prioritise limited resources so as to identify most 
significant risks are normally semi-quantitative or even qualitative.  
2.4.4 Other Potential Decision Making Tools for Risk Assessment 
In the risk field it remains a widely held belief that an actual risk score can be calculated with 
ever increasing precision for any particular technology, event or activity (Gerrard and Petts, 
1998). The dominance of this attitude, particularly amongst decision makers new to the concept 
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of risk, serves to promote the importance of technical assessments that subsequently improve 
risk management. Therefore, various other decision-making tools have been (and could be) 
applied together with conventional risk assessment procedures to drive the improvement of 
hazard and risk management outcomes. 
 
The development of risk assessment for environmental risk management in the UK has been 
recognized to provide a non-prescriptive approach to regulation and control which allows 
decisions appropriate to the environmental setting to be made. Thus decision-making tools such 
as Multi-criteria Decision Making (MCDM), hazard identification methods e.g., Hierarchical 
Holographic Modelling (HHM), chemical screening and prioritisation mechanism e.g. 
DYNAMEC and Probabilistic Risk Assessment (PRA) (e.g. using Monte Carlo simulations 
(MCS)) are introduced briefly in the following section in order to further exploit their potential 
to facilitate risk assessment methods for the mining environment. 
2.4.4.1 Multi-criteria Decision Making (MCDM) 
Multi-criteria Decision Making (MCDM) is a methodology for ranking management alternatives 
based on evaluation criteria weighted by the user. MCDM provides a rational methodology for 
decision making in the face of uncertainty (Mahmoud and Garcia, 2000). It enables the decision 
maker to choose among alternatives. 
 
Some MCDM methods, such as Fuzzy MCDM, can accommodate uncertainty. Fuzzy MCDM 
can incorporate uncertainties such as vagueness and conflict of preferences (Blin, 1974, Felix, 
1994, Seo and Sakawa, 1985, Siskos, 1982). Not all types of uncertainty are taken into account 
however. The use of thresholds, stochastic numbers, and sensitivity analysis provides alternative 
methods for addressing uncertainty. 
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The ability to mix quantitative and qualitative data is a feature of some MCDM methods that is 
particularly useful where all impacts cannot be measured in the same way (Buckley, 1988, 
Nijkamp, 1988, Voogd, 1988). Another main advantage of MCDM methods is their 
accommodation of multiple incommensurable criteria, which permits the evaluation of 
environmental and social impacts through the scientific methods by which they are normally 
measured. This in turn facilitates the inclusion of wider impacts in the appraisal of management 
options. 
 
Sound and appropriate management of mining (engineering) operations is based ideally on a 
holistic systems approach using diverse disciplines to develop a coherent theory from which risk 
methodologies and tools can be developed. Since the 1970s, such methods have shifted from 
simple single-objective modelling and optimisation to multi-objective modelling and 
optimisation, especially during the past two decades. Multiple objectives in modelling and 
decision-making have increased in importance dramatically leading to the emergence of a new 
discipline known as MCDM. The type of decision making has emerged as a philosophy capable 
of integrating common sense with empirical, quantitative, normative, descriptive and 
value-judgment-based analysis (Balasubramaniam and Voulvoulis, 2005). It is an approach that 
is supported by advanced systems concepts (previously used for data management procedures 
and modelling for example) that draw on both the arts and sciences to improve the 
decision-making process and ensure it is as reproducible as possible. MCDM is incorporated into 
most modelling and optimisation of technological systems today including risk management, 
particularly in linking scientific risk assessment and value based risk management. 
2.4.4.2 Hazard Identification Methods 
There are several approaches in hazard identification and assessment, including hazards and 
operability analysis (HAZOP), failure modes and effects analysis (FMEA), and hierarchical 
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holographic modelling (HHM) (Burgman, 2005). The emergence of those methods shows the 
effort to form as complete a list of sources of risks as possible and understanding of the 
complexity of systems under consideration. Even with good conceptual models, it is easy to 
overlook something. A single hazard can lead to multiple adverse effects. Several hazards can 
have the same effect. As a result, hierarchical theory and hierarchical thinking are usually 
adopted to help generate as complete a list of risks as possible.  
 
One of the most valuable and critical contributions of the hierarchical multi-objective framework 
for risk assessment and management is its ability to facilitate the evaluation of the subsystem 
risks and their corresponding contribution to the risks of the total system (Haimes and Tarvainen, 
1981). In the planning, design, or operational mode, the ability to model and quantify the risks 
contributed by each subsystem facilitates the identification, quantification, and evaluation of risk. 
In particular, the ability to model the intricate relationships among the various subsystems and to 
account for all relevant and important elements of risk and uncertainty renders the modelling 
process more tractable and the risk assessment process more representative and encompassing. 
This process is called system decomposition. Figure 2.6 is an example of general mining 
environmental risk identification by using HHM. 
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Figure 2.6 HHM Framework for General Mining Environmental Risk Identification 
 
Most risk assessments are driven by and must be responsive to the hierarchical nature of 
organisational systems. The risks associated with each subsystem within the hierarchical 
structure contribute to and ultimately determine the risks of the overall system. Examples of 
HHM being applied for risk identification include generic energy system. Therefore, HHM is 
chosen for facilitating hazard identification based on the conventional risk assessment 
framework for the following reasons (Haimes, 1998) : 
 It provides a holographic view of a modelled system, and thus is capable of identifying most, 
if not all, major sources of risk and uncertainty; 
 It adds both robustness and resilience to modelling by capturing various system‟s aspects 
and other societal elements; 
 It provides more defined responsiveness in modelling development to available data so that 
different holographic models can make use of different databases; 
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 It adds more realism to the entire modelling process by recognising that the limitations of 
modelling a complex system via a single model are circumvented by a model that addresses 
specific aspects of the system; and 
 It provides more responsiveness to the inherent hierarchies of multiple objectives/subjectives 
and multiple decision-makers associated with large-scale and complex systems. 
2.4.4.3 Chemical Screening and Prioritisation 
There are few algorithms available for prioritising chemicals. The dynamic selection and 
prioritisation mechanisms for hazardous substances called DYNAMEC from OSPAR 
Convention is the best-known algorithm that selects and prioritises chemicals. The main 
objective of OSPAR is to prevent pollution of the maritime area by hazardous substances by 
continuously reducing their releases with the ultimate aim of achieving near background 
concentrations for naturally occurring substances such as Pb, Hg, Cd or close to zero for 
manmade substances. Hence, DYNAMEC was developed to prioritise the substances of highest 
concern to the marine environment for immediate action.  
 
The DYNAMEC algorithm was originally developed for chemical (mainly organic) substances 
in the marine environment (Wiandt, 2002) and it provides a sound basis for the development of 
chemical risk assessments in other environments and applications. The DYNAMEC however 
uses a single „filter‟ for both organic and inorganic chemicals. Moreover, complete hazard 
information especially toxicity data is available for only a small percentage of the synthetic 
chemicals, while the full impact of chemical releases on human health and the environment 
remains largely unknown. Furthermore, persistence and bioaccumulation cannot be used as 
criteria for hazards from metals so that DYNAMEC suggests in the safety net procedure the 
involvement of experts in determining whether a specific inorganic chemical substance 
(especially metal) represents a possible concern for the environment. As a result, there is a lack 
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of any transparent systematic decision-making procedure and there are great uncertainties in 
prioritising the hazardous prosperities of inorganic substances. So that the main value of 
DYNAMEC remains the prioritisation of organic substances.  
2.4.4.4 Probabilistic Risk Assessment (PRA) - Monte Carlo simulations (MCS) 
Probabilistic Risk Assessment (PRA) is a tool for the quantitative estimation of risk and 
associated uncertainties and Monte Carlo simulations (MCS) is the most widely used method for 
PRA. PRA has been incorporated into environmental decision making and regulation since the 
1970s and has been successfully implemented in several contaminated sites (Lester et al., 2007). 
MCS as well as it application to risk analysis has been reviewed and detailed in Cullen and 
Frey(1999) and Morgan and Henrion (1990). Examples of detailed studies carried out following 
this framework include that at Oak Ridge (ChemRisk, 2000, Sample, 1999), Hudson River 
(U.S.EPA, 2000a) and General Electric (GE) Housatonic River site (U.S. EPA, 2003, U.S. EPA, 
2005b) in the U.S.A . Despite the many risk assessments exercises carried out on areas affected 
by mining related contamination, few of them provide any precautionary measures for active 
mines. 
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CHAPTER 3  AIM AND OBJECTIVES 
The overall aim of this research was to develop a risk-based approach to inform strategy, policy 
and management and hence reduce corporate risk in the mining industry from problems related 
to the release of naturally occurring chemicals to the environment. Since the new methodology 
developed will be implemented mainly in active mining operations, it is important to make sure 
the results from the study are in line with the precautionary principle. In addition, the 
significant differences in the chemical properties of organic and inorganic compounds that 
result in different behaviour in the environment mean they must be treated differently in risk 
assessment.  
In order to satisfy the aim of this study, several main objectives must be achieved based on the 
source-pathway-receptor methodology:  
I. Assessing chemical substances (types and quantities of chemicals): this work will 
identify the range of natural potentially hazardous inorganic chemicals that exist, are used 
and released by mining operations, their speciation, persistence, bioavailability and toxicity 
characteristics and modes of action. The assessment will be used as a screening tool to 
identify chemicals of concern for further study. 
II. Pathways to the environment and fate: this phase will assess the fate of the chemicals in 
the mining environment and their predicted speciation in a range of surface conditions in 
order to assess their potential for harm. The assessment will be used as a screening tool to 
identify environmental media of concern. 
III. Risk indicators (mainly human health): this final phase of the project will develop risk 
indicators to estimate the levels of risk involved in mining activities and chemicals that are 
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used to develop risk reduction, mitigation and communication methodologies. This 
assessment aims to quantify levels of risk. 
The three main objectives are then broken down into smaller and achievable tasks/deliverables as 
following: 
I. Assessing chemical substances: 
a. Studies on the impacts of inorganic mining chemicals on the environment and human 
health focus mainly on arsenic (As), cadmium (Cd), mercury (Hg), lead (Pb) and thallium 
(Tl). 
b.  Outline the most widely used guideline values on water, soil and air. On the basis of 
their derivation methods, select the most appropriate guideline (range of) values for the 
application in the new screening and prioritization procedures. 
c.  Develop inorganic specific screening and prioritisation algorithm for identifying 
inorganic chemicals of greatest concern at the site level (on the basis of understanding 
differences between inorganic and organic chemicals). 
II. Pathways to the environment and fate: 
a.  Investigate and collect data through site visits (i.e. the Rustenburg Pt Mine, the Lisheen 
Pb-Zn mine and the Richmond Cu smelter). This involves investigating types and 
quantities of chemicals pre-existing, used and released from each operation and the 
potential environmental and human receptors around. 
b.  Develop a systematic hazard identification, screening and prioritisation method to 
identify the environmental media of greatest concern under site conditions.  
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III. Risk indicator: 
a.  By combining the methods developed in the previous stages, form a new tiered risk 
assessment methodology under the traditional risk assessment framework.  
b.  Risk characterisation using Monte Carlo simulation to quantify levels of potential risks 
as indicators for precautionary risk management. 
c.  Implementation of the tiered risk based approach on three case studies. Reports using 
the methodology developed will be sent back to Anglo American plc head office and 
environmental department at the mine site as a stakeholder involvement practice to 
improve the methodological accuracy and practicability.  
This study focused on the environmental and human health risks imposed by inorganic chemicals 
from the operations as indicated in Figure 3.1 by Barbour (1994) viz.: mining, milling and ore 
processing:  
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Figure 3.1 Scope of Study (Barbour, 1994) 
 
This is a multi-disciplinary study that uses geochemical, chemical, human health and 
environmental data which are analysed together in a risk assessment and management framework. 
Moreover, unlike previous studies conducted on abandoned mine sites or contaminated land, this 
study has been conducted on active mining operations from precious metals to base metals across 
three continents. The methods developed and applied in the case studies demonstrate the benefits 
and importance of implementing a consistent risk-based approach to facilitate strategic decision 
making for mining companies across their global operations. This study also provides 
operational mine managers with a blue-print from which further studies on environmental and 
human health impact from inorganic chemicals can be undertaken in a rapid and cost-effective 
manner.
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CHAPTER 4  METHODOLOGY 
This chapter describes all of the methods developed and used throughout this study from data 
collection to risk characterisation. The key methodology was developed first to meet the study 
objectives and this was then applied and refined using three different case studies. Combinations 
of different methods were used on the different case studies for comparative purpose and to find 
the optimal combination of approaches for cost-effective risk based environmental management 
in the mining industry. The structure of this chapter is as follows: 
 Site specific data collection (section 4.1) gives details of the schedule of site visits and 
methods used to gather data on site characteristics and from past environmental monitoring; 
 Risk assessment for mining (section 4.2) includes the development of the tiered risk 
assessment procedures based on the traditional risk assessment framework. Tier 1 is a 
semi-quantitative evaluation of Chemicals of Greatest Concern (CGC) (section 4.2.2) and 
Media of Greatest Concern (MGC) (section 4.2.3). Tier 2 is traditional probabilistic risk 
assessment (PRA) using Monte Carlo simulation (MCS) based on the results of Tier 1 
(Chapter 2, section 2.4.3.3). 
 The final section (4.3) summarises all of the methods developed for use in the study. 
4.1 Site Specific Data Collection 
Data collection involved both site investigations and desk-based literature reviews and data 
analysis. Site investigations took place during the second and third year of the PhD and involved 
visiting four active mining operations, namely, the Lisheen Zn-Pb mine in Ireland, the 
Rustenburg Pt mine in South Africa, the Witbank coal mine in South Africa and several Cu 
mining, milling and smelting operations (viz. Richmond Cu smelter
5
, Las Tortolas Cu 
concentrator and Los Bronces Cu mine) in South America. Detailed site visit schedules are given 
                                                        
5 For the purpose of confidentiality, real names and locations of the Cu smelter is not used in this thesis. 
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in Table 4.1. Interviews with environmental officers and data collection took place during the site 
visits. Missing data needed during detailed assessment were acquired through telephoning and 
e-mail correspondence with site environment management staffs.  
Table 4.1 Mine Site Visit Schedule 
Mine Operations Location Period Visited 
Zn-Pb mine Lisheen, Ireland 1
st
 -3
rd
 August, 2006 
Pt mine Rustenburg, South Africa 6
th
 to 16
th
 February, 2007 
Cu smelter Richmond 2007 
Cu open cast mine Los Bronces, Chile 24
th
 March to 4
th
 April, 2007 
Cu concentrator Las Tortolas, Chile 24
th
 March to 4
th
 April, 2007 
Coal mine Witbank, South Africa 1
st
 Oct to 5
th
 Oct, 2007 
 
Three case studies namely the Rustenburg Pt mine, the Lisheen Zn-Pb mine and the Richmond 
Cu smelter were selected as case studies based on the availability of data for testing the new 
methodology developed. Three risk assessment reports produced for each property were 
reviewed by senior managers at Anglo American‟s head office in London as well as by the 
environmental officers from each operation. Improvements and refinements to the methodology 
were made throughout the study taking into account the valuable comments and feedbacks 
received.  
4.2 Risk Assessment Methodology for Mining Operations 
A new risk assessment procedure for mining operations needs to be developed based on the 
conventional risk assessment framework. One of the difficulties in implementing a new risk 
assessment procedure for mining operations is that it is the first time that such an environmental 
management approach has been implemented. As a result, the new procedure could either change 
the way a mine is managed significantly or be rejected as impracticable. Hence, the new risk 
assessment procedure needs to fulfil the following key criteria in order to gain acceptance by the 
mining industry: 
 Make the most use of the available data from historical records, site visits and interviews; 
 Inform management of the basic systematic data (on soil, surface water, groundwater and 
 53 
air) required from environmental monitoring for analysis; 
 Be as practicable and flexible as possible while being consistent with the „precautionary 
principle’; 
 Be relatively easy to carry out since most environmental offices/teams on sites are small 
compared to the other departments. The new procedure should not only identify potential 
risks in each individual mining operation, but it should also enable cross comparison of 
Anglo American plc‟s global mining operations and thus contribute to strategic level 
decision making. 
4.2.1 A Tiered Approach 
Many pollution problems associated with mining can be reduced if mining and mineral 
processing operations are well planned and monitored. This requires important pollutant 
exposure pathways to be identified and controlled, and potential environmental risks 
documented and reviewed regularly. Traditional quantitative risk-based approaches, such as 
probabilistic risk assessment (PRA) have been incorporated in environmental decision making 
and regulation since the 1970s and have been successfully implemented at several contaminated 
sites (Lester et al., 2007). The formal baseline risk assessment framework as introduced in 
Chapter 2, is proposed by the U.S. NRC (1983) (Figure 4.1). Despite the many risk assessments 
carried out on mining related contaminations, very few of them aim to provide precautionary 
measures for active mines. 
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adverse health effects to occur
• Estimate cancer risks
• Estimate non-cancer 
hazard quotients
• Evaluate uncertainty
• Summarise risk information 
Figure 4.1 Baseline Risk Assessment Framework Proposed by the NRC (the dashed-line boxes 
and arrow indicate the relocation of the tasks from „Exposure Assessment‟ to „Hazard Identification‟ in this 
study) 
 
Considering the nature of risk assessment procedures and the human resources available for 
environment related issues on site, a tiered risk assessment is more feasible as a routine practice 
than a full formal PRA because of the complexity and resources (i.e. data and time) required for 
the latter. As a result, a two-tier risk-based approach of increasing complexity is developed based 
on the four main components of PRA (see Figure 4.2), with progression to the more complex 
level depending on the demonstration of significant risk by the simpler techniques in the lower 
tiers. Using this approach, the low risk activities are „screened out‟ eliminating the need for more 
complex assessment.  
 55 
Tier 1
Tier 2
Exposure Assessment Toxicity Assessment
Risk Characterisation
• Identify potential exposure 
pathways
• Estimate exposure 
concentrations for pathways
• Estimate contaminant intakes 
for pathways
• Collect qualitative and 
quantitative toxicity information
• Determine appropriate toxicity 
values
Identify potential 
exposure media of 
concern
Identify potential 
chemicals of 
concern
Data Collection & Evaluation
(Hazard Identification)
Figure 4.2 Tiered Risk Assessment Framework 
 
Tier 1 focuses on identifying the media of greatest concern and the chemicals of greatest concern. 
It is recognised that, in practice a few tasks in the „Exposure Assessment‟ (i.e., analysis of 
contaminant releases, and identification of exposed populations) can be carried out in the earlier 
„Hazard Identification‟ stage (as indicated by dashed-line boxes and arrow in Figure 4.1). The 
outcomes of the Tier 1 are fed into the Tier 2 which includes quantitative „Exposure Assessment‟, 
„Toxicity Assessment‟ and „Risk Characterisation‟ (Chapter 2, section 2.4.3.3). The advantage of 
the task relocation based on conventional risk assessment framework is that it distinguishes the 
semi-quantitative Tier 1 from the quantitative risk assessment in Tier 2. The semi-quantitative 
Tier 1 procedures are relatively straight forward based on currently available environmental 
monitoring data compared to quantitative simulations, therefore it is more likely to be carried out 
regularly. 
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The following part focuses mainly on the two semi-quantitative methods developed for the tier 1 
of general risk assessment, namely Chemicals of Greatest Concern (CGC) and the Media of 
Greatest Concern (MGC). A holistic view of the new tiered risk assessment procedures for 
inorganic chemicals used and released during mining and metal working is shown in Figure 4.3. 
The CGC and MGC are presented in two different coloured boxes parallel to each other. In 
theory, CGC should be carried out before the application of MGC if possible as the key 
chemicals of concern identified by CGC will help in generating site specific criteria which are 
crucial for the multi-criteria analysis in the MGC. In practice, the data availability and data 
quality, determine the choice of methods to be used. This is discussed further in chapter 9.  
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Figure 4.3 Holistic View of Tiered Risk Assessment Methodology Used in This Study 
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 4.2.2 Tier 1 – Chemicals of Greatest Concern (CGC) 
In Europe, the new European law on chemicals (Regulation (EC) No 1907/2006), REACH came 
into force on 1 June 2007, requiring an increasing effort to manage and control potential 
chemicals exposure scientifically and systematically by industry. Due to the large quantities of 
different chemical substances involved in mineral extraction, milling, smelting and refining, it is 
important to be selective and strategic. As a result, a cost-effective method which prioritises 
chemicals according to their intrinsic properties, speciation and effects in the environment is 
required (Plant et al., 2005) before a formal risk assessment is conducted.  
 
As discussed in the literature review (section 2.4.4.3) the DYNAMEC algorithm from OSPAR 
Convention is the most well known system of selecting and prioritising chemicals. The main 
value of DYNAMEC however, remains the prioritisation of organic substances. In addition, 
given the differences between organic and inorganic contaminants (see section 2.2.4), it should 
not be surprising that environmental risk assessment methods developed for the former fail when 
applied uncritically to metals and metalloids. It is crucial that organic and inorganic chemicals 
are dealt with separately using different methods for risk assessment. The significant differences 
between organic and inorganic chemicals and the inability of DYNAMEC in distinguishing 
between them made it essential to develop separate screening and prioritisation procedures for 
the two main classes of chemicals. This section focuses on the development of a screening and 
prioritisation procedure for risk assessment of inorganic chemical with particular reference to 
mining. 
Inorganic Chemicals Screening and Prioritisation Method 
The screening and prioritisation procedure for risk assessment of inorganic chemicals in mining 
developed as part of this study consists of two main steps: hazard screening followed by 
prioritisation. A procedure for this was proposed by UK Advisory Committee on Hazardous 
 59 
Substances (ACHS) in 2005 (ACHS, 2005) as a contribution to the development of guidelines 
for identifying chemicals for authorisation under the REACH regulation. The procedure was 
developed initially for screening and prioritising organic and inorganic substances. The 
screening and prioritisation method for inorganic chemical was used as the basis for the 
development of the procedure for this study. Flow charts of the screening and prioritisation 
procedures developed here on the basis of the previous ACHS work are illustrated in Figure 4.4 
and 4.5. The modifications and improvements to the original procedure include several new 
steps to take into account the properties of the inorganic chemicals likely to be emitted. Three 
key criteria in the screening procedure are: 
1. Whether the substance is a biologically essential element or not; 
2. Whether it is found at concentrations in the environmental media that clearly exceed the 
local natural background levels; 
3. The solubility, eco-toxicity and bioavailability of the various chemical species of concern. 
A screening scheme for inorganic substances in the mining industry was developed. The criteria 
to select substances of the greatest concern are shown in Table 4.2, Figure 4.4 (ACHS, 2005). 
On the basis of this initial screening, an inorganic substance may be screened out, or taken 
forward to step 2 – because it is identified as a priority according to its quantity, use pattern, 
eco-toxicity and monitoring data (Figure 4.5). 
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Table 4.2 Proposed Criteria for Selection of Inorganic Substances of Equivalent Concern 
 
 
 
In the hazard prioritisation step, the chemicals are ranked according to their exposure potential, 
or the potential for causing adverse effects due to their presence in the environment, identified 
through monitoring. A simple scoring system has been developed for this purpose whereby 
substances with the highest hazard potential and risk of exposure attract the highest scores.  
 
Substances with low scores should not necessarily be regarded as posing little or no risk to the 
environment. All of the substances have been screened on the basis of their being of “equivalent 
concern” or on the basis of meeting the prescriptive criteria laid out in the REACH legislation. 
This information can be combined with other information provided by manufacturers and users 
of these substances, as an aid to making decisions on how the screened substances could be 
(a) Inorganic substances. A separate hazard screening procedure needs to be developed for 
these substances.  
 
(b) Substances needing special consideration because of evidence for potential adverse 
impacts on the endocrine system (e.g. experimental studies showing receptor binding) - 
or on other systems such as the immune or nervous systems - that might not be detected 
in standard regulatory toxicity tests, taking due regard of the strength and quality of 
this evidence. 
 
(c) Substances whose presence and loading in an environmental medium (confirmed by 
monitoring) is judged to be sufficiently extensive as to be causing (or potentially cause) 
adverse environmental effects, or compromising the attainment of human and 
environmental protection goals (for example, drinking water supply). 
 
(d) Substances which are identified as priority hazardous substances in Annex 10 of the 
Water Framework Directive 2000/60/EC. 
 
(e) Substances which are identified as chemicals for priority action in Annex 7 of the 
OSPAR Convention for the Protection of the Marine Environment of the North-East 
Atlantic, and all relevant international agreements. 
 
The criteria need not be confined to soil and water. The Swedish “Observation List” 
includes substances “dangerous for the ozone layer”. “Environmental effects” can also 
include secondary, indirect effects (e.g. effects at higher trophic levels).  
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prioritised for further study or action.  Furthermore, substances may be brought further up the 
list irrespective of their scores on the basis of expert judgment. 
The information required for each substance includes: 
(a) Annual production/use quantity: Q Tonnes 
(b) The substance‟s use pattern: U 
(c) Monitoring evidence (if available): M 
(d) Effect scores E 
Each parameter is scored (see Tables 4.3 – 4.6) and the substances are then ranked according to: 
(1) The product of the scores for Q and U 
AND, if monitoring data are available,  
(2) The score for monitoring evidence M. 
(Q x U) and M are both measures of potential exposure. The difference between (Q x U) and M 
is that environmental monitoring values are currently only available for the total chemical 
concentrations in the media. Therefore, M is not applicable for estimating individual chemical 
substance specific risk (as eco-toxicity values are substance specific). Instead, measured (M) in 
the environment is used as a reference (indicator) value together with the (Q x U) x E in the 
prioritisation procedure whereas M ≥ 70 indicates a high potential environmental risk from the 
total concentration in the environmental media. 
For Q, the following scoring is used. 
 
Table 4.3 Scoring System for Q (Tonnes per Annum)* 
< 1 tonne: 1 
> 1 – 100 tonnes: 3 
> 100 – 1000 tonnes: 7 
> 1000 tonnes: 10 
*For chemicals stored on site i.e., mine waste piles and tailings dams under mining environment, 
accumulative quantity could be used instead of the annual usage quantity whichever is greater.  
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Table 4.4 Scoring System for U (Use Pattern) 
 90% closed, < 10% open: 1 
10% - 50% open, remaining closed: 3 
50% - 90% open, remaining closed: 7 
> 90% open, remaining closed: 10 
Closed application = used as an intermediate and/or in a closed, controlled process 
Open application = public, industrial, environment 
 
For M, the following scoring system is used. 
 
Table 4.5 Scoring System for M (Monitoring Evidence) 
Detected at local level but PEC
6
 < PNEC
7
: 10 
Detected at regional/national level but PEC < PNEC: 30 
Detected locally, and PEC  PNEC (local): 70 
Detected regionally/nationally, and PEC  PNEC (regional/national): 100 
 
The increments within each set of scores are designed to weigh the riskier end of the ranges more 
heavily. The lowest annual production/use tonnage of 1 tonne reflects the lowest production 
volume for which registration is required under REACH. 
 
(3) The major change to the prioritisation step is the addition of effect score E to the calculation 
of risk indicator. In this study, E is defined as the relative levels of eco-toxicity. The level of 
potential concern with regard to each substance is indicated by an effect score E and by an 
exposure score (relative level of predicted (Q x U) in the environment). The mathematical 
product of the exposure and the effect score is an indicator for the relative risk with regard to 
each substance. This is based on the risk-based approach of environmental assessment which 
expresses risk as the product of the likelihood of a hazardous event happening and its magnitude 
of consequence (Burgman, 2005, Haimes, 1998, Haimes et al., 2002, Lambert et al., 2001). 
(Q x U) x E 
Moreover, in some special cases where maximum exposure scores are used, see APPENDIX B – 
1. The following scoring system is used for defining values for E 
                                                        
6 PEC – Predicted environmental concentration 
7 PNEC – Predicted non-effect environmental concentration 
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Table 4.6 Scoring System for E (Effect Scores) 
T1 Acute toxicity test value: <= 0.01 mg/l Chronic toxicity test value: < = 0.001 mg/l 100 
T2 Acute toxicity test value: 0.01 to 1 mg/l Chronic toxicity test value: 0.001 to 0.1 mg/l 20 
T3 Acute toxicity test value: > 1 mg/l  Chronic toxicity test value: > 0.1 mg/l 1 
 
The classification of eco-toxicity was based on the DYNAMEC mechanism from OSPAR, 
REACH and the proposed ACHS criteria. The eco-toxicity values used are from the U.S. 
ECOTOX database (U.S. EPA, 2008a). Details on the derivation of scoring values for E is in 
APPENDIX B – 2. 
The maximum substance score possible is 10 x 10 x 100 = 10000 (highest priority) 
The minimum substance score is 1 x 1 x 1 = 1 (lowest priority) 
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Figure 1. Step 1 - Hazard Screening 
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Figure 4.4 Hazard Analysis and Screening (Step 1) 
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Figure 4.5 Prioritisation of Inorganic Substances of Greatest Concern (Step 2)
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4.2.3 Tier 1 – Media of Greatest Concern (MGC) 
This section focuses on the methodology for screening media of concern (blue circle and blue 
arrow in Figure 4.2 and left hand side flows in Figure 4.3) which identifies the principle 
exposure media of concern to environmental managers before any further detailed risk 
assessment is carried out. Potential (adverse, direct, indirect, permanent, temporary, and 
cumulative) chemical-related environmental impacts associated with all phases of the mining 
operations are assessed using Hierarchical Holographic Modelling (HHM) (Haimes and 
Tarvainen, 1981) and Multi-criteria Decision-Making methods (MCDM) (Balasubramaniam and 
Voulvoulis, 2005) in this initial screening tier. 
 
The general framework for MGC based on the risk filtering, ranking and management 
framework was developed by Haimes et al., (2002). In this section, the methodology for 
identifying the media of highest concern is developed with particular reference to natural 
inorganic chemicals released by mining operations and is summarised in Figure 4.6. The general 
MGC method consists of several scientific analytical procedures and each individual procedure 
is selected and used based on the nature of particular environmental and human health risks 
associated with the different types of mining. 
 
The framework for the methodology is intended to make hazard identification in risk assessment 
for mining operations practical. The individual procedures and their sequence are discussed 
below: 
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1.Conceptual Model
2.Hazard Identification
4.Risk Communication
/Resource allocation
3.1 Step I. Scenario 
filtering
3. Hazard Assessment 
(prioritisation)
3.2 Step 2. Bi-criteria 
filtering and ranking 
3.3 Step 3. Multi-
Criteria Analysis 
 
 
Figure 4.6 Risk Screening Framework for Media of Greatest Concern 
 
4.2.3.1 Conceptual Model Construction 
All models are abstractions, a representation of how the system is thought to work. The risk 
identification and assessment of the mining operations began by constructing a conceptual model. 
All of the steps in a risk assessment, including hazard identification and assessment depend on 
good conceptual models. The models used in this study were built to answer specific questions to 
assist decision making. 
4.2.3.2 Hazard Identification 
Hierarchical theory and hierarchical thinking were adopted throughout the exercise to improve 
hazard identification. Hierarchical Holographic Modelling (HHM) (as introduced in Chapter 2, 
section 2.4.4.2) is a contemporary system decomposition method based on different perspectives 
on the system in terms of its organisational and functional hierarchical structures; various time 
horizons; the multiple decision makers, stakeholders and users of the system; and the host of 
institutional, legal, and other socioeconomic conditions that require consideration (Haimes, 
1991). Nowadays, most risk assessment is driven by and must be responsive to the hierarchical 
Start Point 
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nature of organisational systems. The risks associated with each subsystem within the 
hierarchical structure contribute to and ultimately determine the risks of the overall system. One 
of the most valuable and critical contributions of the hierarchical multi-objective framework for 
risk assessment and management is its ability to facilitate the evaluation of the subsystem risks 
and their corresponding contribution to the risks of the total system (Haimes and Tarvainen, 
1981). In particular, the ability to model the complex relationships among the various 
subsystems and to account for all relevant and important elements of risk and uncertainty renders 
the modelling process better and the risk assessment process more representative and 
encompassing of the system studied (Haimes, 1998). This process is called system 
decomposition. Figure 4.7 is an example of general mining environmental risk identification by 
using HHM. 
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Figure 4.7 HHM Framework for General Mining Environmental Risk Identification 
4.2.3.3 Risk Filtering, Ranking and Analysis 
Because of the nature and structure of HHM, the second stage generated a comprehensive set of 
sources of risks covering all aspects of subsystems within the mining operations system under 
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consideration. The number of risks identified is commonly of the order of hundreds of entities 
(Haimes, 1998). Consequently, there is a need to discriminate among the sources according to 
the likelihood and severity of their consequences. Hence risk filtering and ranking methods were 
employed. The steps in risk filtering and ranking have been recommended by Haimes et al 
(2002). 
Step 1. Scenario Filtering (based on scope, temporal domain and levels of decision making)  
At this stage of the risk filtering process, the sources of risk were filtered according to the 
interests and responsibility of the individual risk manager/decision maker. The main criteria at 
this phase included the decision making level, the scope and temporal (phase) domain.  
Step 2. Bi-criteria Filtering and Ranking (this was based on the ordinal version of the U.S. Air 
Force Risk Matrix) In this phase, the specific sources of risk were filtered. A more quantitative 
treatment was involved when the frequency and the associated consequences (potential effect) 
were estimated on the basis of the available evidence and data to form a matrix of „potential 
severity‟. According to Haimes et al (2002), it is crucial to use an ordinal version of the matrix 
procedure adapted from Military Standard (MIL-STD) 882, U.S. Department of Defence (DoD) 
(Roland and Moriarty, 1990) in order to accomplish this filtering process. The U.S. Air Force Risk 
Matrix is also the most well known ordinal matrix used in decision making. Appropriate 
amendments were necessary to make the matrix fit the mining condition under consideration 
(Table 4.7, 4.8 and 4.9). 
 
Table 4.7 Indicative Frequency 
Level Description Indicative Frequency 
5 Frequent 1 or more times per day 
4 Likely 1 or more times per month 
3 Occasional 1 or more times in per year 
2 Seldom 1 or more times in 5 years 
1 Unlikely 1 or more times in 20 years 
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Table 4.8 Consequences of an Event 
Level Severity of Event Description 
5 Severe 
Unacceptable risk such as severe human health impact, 
catastrophic event which  requires immediate action or 
cessation of operation 
4 Major 
Unacceptable risk resulted in significant elevation of levels 
of hazardous/deleterious chemicals in the environment (e.g. 
soil, water and air). Evaluation is required.  Action should 
be taken immediately unless impractical 
3 Moderate 
Risk resulted in elevation of levels of hazardous/deleterious 
chemicals in the environment although still below legislative 
guideline values/environmental standards 
2 Minor 
Tolerable risk (such as elevation of other chemicals but 
below legislative guideline values/environmental standards) 
requires evaluation 
1 Negligible Risks acceptable provided they are kept under review 
 
 
Table 4.9 Environmental Risk Matrix 
 
1 2 3 4 
Low Risk         Moderate Risk          High Risk      Extremely High 
Risk 
 
With the matrix (Table 4.9), the frequency (Table 4.7) and consequences (Table 4.8) were 
Severity 
of Event 
Indicative Frequency  
Very 
Unlikely 
Seldom Occasional Likely Frequent 
Severe 4 4 4 4 4 
Major 3 3 3 3 4 
Moderate 2 2 2 3 4 
Minor 1 1 2 2 3 
Negligible 1 1 1 1 2 
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combined to provide a measure of „potential severity‟.  
 
The mapping was achieved by first dividing the likelihood of a risk source into five discrete 
ranges. Similarly, the consequence scale was also divided into five severity levels. The two 
scales were entered into a matrix and the cells of the matrix were assigned 4 levels of risk 
severity (level of severity increases from 1 to 4) (Table 4.9). It is crucial to make appropriate 
judgement as to the likelihood and consequence range that characterise the risk source. The 
judgement must not overlook potentially critical failure scenarios and at the same time not 
over-estimate the likelihood of such scenarios. Sources of risks with potential severity > 2 were 
taken forward to step 3 – Multi-criteria Analysis.  
 
Step 3. Multi-Criteria Analysis  
At this stage of the process, the risk scenarios devised from the previous step were rated and 
ranked according to a list of criteria developed for the specific mining environment under study. 
Weighting was also used to reflect the priority of the mine management involved in the risk 
assessment. This process enabled a numerical expression of each source of risk to be established 
to help risk communication and resource allocation. 
 
The process was taken one step further by reflecting each scenario‟s actual properties and the 
ability to defeat three defensive properties of the underlying system namely, resilience, 
robustness and redundancy (Haimes et al., 1997). To achieve this, ten criteria were defined 
(Table 4.10). These criteria reflected the level of potential exposure or contamination (criteria 1 – 
5) as well as the ability of defeating the defensive properties (criteria 6 – 10). Because of the 
significant differences in risk assessment of organic and inorganic chemicals (Chapter 2, section 
2.2.4), the PBT (persistence, bioaccumulation and toxicity) properties which are generally 
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applied in conventional organic chemicals risk assessment have to be amended in order to assess 
the inorganic compounds. As a result, criteria 1 – 5 aimed to assess the inorganic chemical‟s 
bioavailability, eco-toxicity, potential exposure volume and persistence in the exposure media 
(Table 4.10). 
 
Table 4.10 Ten Criteria for Examining Risk Scenario 
 Criterion Description 
1 Chemical source composition 
Refers to the content of the source material whose toxicities are 
crucial to assess the potential risk to the receptors. 
2 Chemical source volume Refers to the quantity of the source material, e.g. m³, litre, etc 
3 
Chemical 
bioavailability/bioaccessibility 
Refers to the bioavailable proportion of the source material 
(bioaccessibility refers to the chemical proportion that is uptakable 
by human gastrial system. 
4 Media chemical concentration 
Refers to the proportion of chemicals that is (likely to) exposed to 
the (potential) receptor. This could be the concentration of harmful 
substances in the exposure media, namely river water, sediments, 
air and soil. 
5 Persistence of media chemical indicates the stability of chemical substance in the transport media 
6 Undetectability 
Refers to the absence of modes by which the initial events of a risk 
can be discovered before harm occurs. 
7 Uncontrollability 
Refers to the absence of control modes that makes it possible to 
take action or make an adjustment to prevent harm 
8 Duration of effect 
Indicates an impact that would have a long duration of adverse 
consequence 
9 Cascading effects 
Refers to a scenario where the effects of an adverse condition 
readily propagate to other systems or subsystems 
10 Irreversibility 
Indicates a scenario in which the adverse condition cannot be 
returned to the initial, operational (pre-event) condition. 
 
 
 
As a further aid at this stage of the process, it maybe helpful to rate the scenario of interest as 
„High‟, „Medium‟ or „Low‟ against each criterion. There were also numeric ratings (0 – 10) 
associated with levels of significance based on the data in Table 4.11. 
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Table 4.11 Rating and Weighting Risk Scenarios in Step 3 against the 10 Criteria 
Criterion Weight High (10) Medium (5) Low (1) 
Not 
Applicable (0) 
Chemical source 
composition 
1 
with Cd, CN, As, 
Pb, Hg and Tl 
with Cu, Zn, Ni, Mn, 
Fe, sulphate, nitrate, 
nitrite and ammonia 
without those 
chemicals indicate in 
High and Medium 
Not applicable 
Chemical source 
volume 
1 
>1000 tonnes or > 
1000 m³ 
> 10 t < 1000 t, >10 < 
1000 m³ 
<10 t, < 10 m³ Not applicable 
Chemical 
bioavailability 
/bioaccessibility 
1 
mostly exchangable 
and carbonate  
mix of low and high 
fractions 
Sulphides or bounded 
to organic colloidal/ 
Fe, Mn hydroxide. 
Not applicable 
Media chemical 
concentration 
2 
mostly over 
legislated guideline 
values 
generally below 
guideline values with 
few hot spot 
all below Not applicable 
Persistence of 
media chemical 
1 
chemicals will stay 
as it was for quite a 
long period of time 
e.g. in years 
there is natural 
reduction going on 
but slow e.g. in 
months 
chemical will be 
leached out of the 
system very fast (in 
days) 
Not applicable 
Undetectability 1 
Unknown or 
undetectable 
Late detection Early detection Not applicable 
Uncontrollability 1 
Unknown or 
uncontrollable 
Imperfect control Easily controlled Not applicable 
Duration of 
effect 
1 
Unknown or long 
duration 
Medium duration short duration Not applicable 
Cascading 
effects 
1 
Unknown or many 
cascading effects 
Few cascading 
effects 
No cascading effects Not applicable 
Irreversibility 1 
Unknown or no 
reversibility 
Partial reversibility Reversible Not applicable 
 
Each risk‟s final score is calculated by adding up 10 scores against 10 criteria (illustrated in 
Table 4.10) and taking into account the weight applied. As a result, the maximum score is 110 
and the minimum score is 0. 
 
In general, the risk filtering and ranking process was aimed at providing priorities for risk 
analysis. The sources of risk filtered out in an early stage of methodology are not ignored; but the 
sources of risk identified as of higher priority are explored first.
 74 
4.2.4 Tier 2 – Quantitative Risk Assessment using Monte Carlo Simulation (MCS) 
Conventional probability risk assessment (PRA) based on the four compounds risk assessment 
framework is employed for Tier 2 if necessary. Monte Carlo simulation (MCS) using Crystall 
Ball v 7.3.1 (50,000 trials) is conducted on various equations used in „Exposure Assessment‟ and 
„Risk Characterisation‟ (Chapter 2, section 2.4.3.3). Sensitivity analysis is also carried out using 
Crystall Ball to analyse the relative uncertainty contributed by each input parameter in 
simulation equations. All the uncertainties in each step of the tiered risk assessment are 
identified taking into account the assumptions made throughout the processes and further 
discussed in Chapter 9. 
4.3 Summary of General Methodology 
To summarise, in this study, a new tiered risk assessment procedure (Figure 4.3) for inorganic 
chemicals used and released during mining and metal working was developed. Tier 1 involved 
the collection of environmental monitoring data on inorganic chemicals and its evaluation in 
relation to any potential chemical hazards to human health or the environment. Two 
semi-quantitative screening and prioritisation methods (i.e., CGC and MGC) were then used to 
identify the chemicals of greatest concern with respect to hazard and the environmental media of 
greatest concern in relation to exposure and hence risk. 
 
Tier 2 involved using the two sets of results from Tier 1 to quantify the toxicity of chemicals of 
concern and human exposure to them. Finally, the two sets of results were combined to quantify 
the risk to human health using MCS.
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CHAPTER 5  TOXIC METALS AND METALLOIDS AND THEIR 
GUIDELINE VALUES  
5.1 Introduction 
Unlike organic pollutants, toxic metals and metalloids are persistent and do not break down in the 
environment although they can change to different species ideally to ones that are less toxic to 
humans or the environment. Chemicals used and released in mining can enter the environment at 
any or all stages of their mining life cycle from excavation through milling, smelting, refining and 
during disposal of the gangue rocks. Some of the trace heavy metals and metalloids in mining 
operations could cause severe environmental and human health impacts if they are not managed 
properly based on sound monitoring. Several metals and metalloids have received much media 
attention for example, concern about cadmium (Cd) in the environment was increased after a 
painful bone disease, „itai-itai‟ disease, was reported in an area of Cd pollution in Japan in the 
1960s (Uetani, 2007). The Cd contamination was from historical Zn-Pb mining and process 
transported by the river and deposited on paddy fields downstream. People who had eaten polluted 
rice and drunk the river water over a period of 30 years, were found to have accumulated a large 
amount of Cd in their bodies that caused a serious osteoporosis-like bone disease known as 
„itai-itai‟ or „ouch-ouch‟ disease. 
 
A well-studied case of Hg poisoning occurred in the 1950s in Minamata Bay incident in Japan 
where mercuric chloride from a chemical and plastics plant had been dumped routinely into the 
bay (Mailman, 1980). The Hg was converted to methyl-Hg by bacteria in the bay sediments and 
taken up by fish and shellfish. Consumption of fish and shellfish by the local population resulted 
in widespread Hg poisoning, the consequences of which provided scientists with the opportunity 
to observe effects of Hg poisoning in humans (Levi, 1997). 
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Chronic As poisoning in the general population has been widely reported from many areas of the 
world including Argentina, Bangladesh, Chile, China, India, Mexico, Nepal, Pakistan, Sweden, 
Taiwan, Thailand and the U.S.A (Hall, 2002, Tseng et al., 2002). Endemic As poisoning is mostly 
associated with naturally high concentrations of As in drinking water although in China it is as a 
result of burning arsenical coal (Ng et al., 2003). Long term exposure to As can result in chronic 
As poisoning (arsenicosis), skin lesions (melanosis and keratosis), skin and bladder cancer. In the 
case of Bangladesh, it has been estimated that between 33-75 millions of the population, which 
totals 125 million, are at risk of arsenicosis from drinking As contaminated water (Lewis et al., 
2005). 
 
High doses of many inorganic substances – even these essential for human health are toxic but in 
this chapter we are concerned with toxic metals/metalloids that share the following common 
properties: 
 The metal/metalloid of concern has one or more soluble species that has acute toxicity (LC50) 
lower than 1mg/L or chronic toxicity (NOEL) lower than 0.1mg/L; 
 It has no known biological physiological functions and in some cases the metal replaces an 
essential element in the body for example Pb substitutes for Zn and Cd damaging essential 
physiological functions; 
 It occurs naturally, although it is often used in man-made products and may also be released 
adventitiously for example, as a result of coal burning. 
 
In this chapter, we use arsenic (As), cadmium (Cd), mercury (Hg), lead (Pb) and thallium (Tl) 
(highlighted in red in Figure 5.1) as examples of the problem of toxic metal/metalloid pollution on 
human health and the environment. With the exception of As, the other elements studied are all 
metals and are generally referred to as „heavy metals‟ in the following context. Their chemical 
properties, natural and anthropogenic sources, behaviour in the environment and human health 
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impacts are considered. Their key human health impacts such as bioaccessibility, acute and 
chronic effects are also summarised Table 5.7. The international guideline values for heavy metals 
in soil, water and air and the methods used to derive those guideline values are discussed in the 
second part of this chapter (section 5.5) 
 
Figure 5.1 Periodic Table of the Elements
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5.2 Sources 
Arsenic, Cd, Hg, Pb and Tl all occur naturally in rocks, soils and tend to be especially 
concentrated in mineral deposits, and they are released into the environment both naturally and 
through human activities. The concentrations of heavy metals in mineral deposits are influenced 
greatly by the particular type of ore deposit in relation to hydrothermal activities and tectonic 
settings. For example, As levels are high in Bangladesh, Hungary and Holland due to the similar 
As special tectonic settings and Cd is usually linked with Zn-Pb deposit. The concentrations of 
heavy metals in rocks vary between rock types (Table 5.1) (Levinson, 1974). Their crustal 
abundances are all relatively low, except in the case of Pb although the levels of As, Cd, Hg and 
Pb in shales, especially black shales are much higher than the other rock types. The 
concentration of heavy metals in soil usually reflects that of the parent rock therefore they vary 
significantly. All five toxic trace elements are also released by anthropogenic activities such as 
mining, smelting and fossil fuel combustion. Their main anthropogenic sources based on their 
uses as well as inadvertent sources are summarised in Table 5.2 and discussed element by 
element below. 
 
Table 5.1 Average Abundance of Toxic Metals/Metalloids in Rocks and Soil (mg/kg) after 
Levinson (1974) 
 
Type of Rock As  Cd Hg Pb Tl 
Crustal abundance 1.5 0.2 0.5 10-20 0.1-1.7 
Ultra-mafic 1 0.001-0.03 - 1 0.05 
Basalt 2 0.13 0.08 6 - 
Granodiorite 2 - 0.08 - - 
Granite 1.5 0.09 0.08 15-19 1.7 
Shale 15 0.8 0.5 10-70 0.7 
Limestone 2.5 - 0.05 - - 
Soil 1-50 0.27-20 0.3 1.5-1000 0.2 
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Table 5.2 Summary of Anthropogenic Sources of As, Cd, Hg, Pb and Tl 
Anthropogenic 
Sources 
As Cd Hg Pb Tl 
Use 
Animal feed additives, 
fertilisers, pesticides, 
fungicides, herbicides, 
Timber treatment, 
LEDs, various alloys 
Ni-Cd batteries, pigments, 
plating,  stabilizers, 
electronics, 
communications, power 
generation, aerospace 
industries, nanotechnology 
Pesticides, dental 
preparation, 
anti-fouling paint, 
batteries, catalysts, 
new light bulbs. 
Water pipes, cisterns and 
pewter containers anti-knock 
agent in petrol (TEL & 
TML)

, paint*, cable 
sheathing and paint 
pigments, Pb-acid batteries 
in cars, solder, ammunition, 
radiation shielding, metal 
alloys 
Pesticides 
(rodenticides), 
electrical and 
electronic industries, 
special glass 
Inadvertent 
Sources 
Mining, smelting, fossil fuel combustion power plant 
Sulphide ore roasting 
Phosphate fertilisers, waste 
from cement manufacturer, 
metallurgical works, 
municipal waste and 
sewage sludge to land 
Solid waste 
combustion 
Vehicle emissions in 
countries with no legislation 
on Pb in petrol 
Brickworks, cement 
plants 
                                                        
 phased out in most countries 
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5.2.1 ARSENIC 
Natural Sources: Arsenic is strongly chalcophile and it occurs mainly in sulphide and 
sulpharsenide minerals, notably arsenopyrite (FeAsS), realgar (AsS) and orpiment (As2S3). It 
frequently occurs in other sulphides such as galena, pyrite and sphalerite. In rock-forming 
silicates, As 3  can replace Fe 3 or Al 3 to a limited extent (Plant et al., 2004). 
 
Arsenic is a relatively abundant element in the Earth‟s crust. Most igneous and metamorphic 
rocks have similar average As concentrations of 1-2 mg/kg. Similar concentrations are found in 
carbonate minerals and rocks (Table 5.1). The highest As concentrations (20-200mg/kg) are 
typically found in organic-rich and sulphide-rich shales, sedimentary ironstones, phosphatic 
rocks and some coals (Plant et al., 2004). Typical As concentrations in coal range from <1-17 
mg/kg with particularly high concentrations of up to 35000 mg/kg reported in coals from China 
(Sun, 2004).  
 
The average abundance value of As in soil usually ranges from 1 to 50 mg/kg (Table 5.1). The 
contents of As in soils from various countries are summarised in Table 5.3 (Mandal and Suzuki, 
2002). Arsenic levels in soils vary according to the parent rocks. For example, in the FOREGS 
study (Figure 5.1), high As in south Portugal was associated with shales and turbidites in 
Palaeozoic basement rocks and to sorption by clay and iron oxide-hydroxide. In north-west 
France, high As in soil reflects the south-western Armorican shear zone that extends from 
Brittany to the Massif Central with Sb-As-Au mineralisation and in some cases the presence of 
As-rich lithologies (FOREGS, 2005b). 
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Table 5.3 Arsenic Concentrations in Soils from Various Countries (Mandal and Suzuki, 
2002) 
Country Range (mg/kg) Mean (mg/kg) 
Argentina 0.8 – 22 5 
China 0.01 – 626 11.2 
France 0.1 – 5 2 
Germany 2.5 – 4.6 3.5 
Italy 1.8 – 60 20 
Japan 0.4 – 70 11 
Mexico 2 – 40 14 
Switzerland 2 – 2.4 2.2 
USA 1 – 20 7.5 
 
 
 
Figure 5.2 Arsenic Levels in Soil in Europe (FOREGS, 2005b) 
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Anthropogenic Sources: Arsenic and its compounds are used as pesticides, especially 
herbicides, insecticides and in various alloys (Table 5.2). Other anthropogenic sources include 
coal combustion, sulphide ore roasting and smelting, and growth promoters used in pig and 
poultry production (Reimann and de Caritat, 1998). Arsenic contamination of the environment as 
a result of mining and smelting is relatively common (Breward et al., 1994, Thornton, 1996, 
Lumsdon et al., 2001) but this is relatively local (Plant et al., 2004). One of the most important 
releases of As has been from the development of groundwater resource in Holocene deltas such 
as these in Bangladesh, Hungary and Holland. 
5.2.2 CADMIUM  
Natural Sources: Cadmium is strongly chalcophile, and it is particularly concentrated in 
sulphide minerals. The geochemistry of Cd is closely similar to Zn and it is almost always 
associated with Zn in mineral deposits with an average concentration in the range 0.02 to 1.4% 
Cd in most deposits (Reimann and de Caritat, 1998).  
 
The average crustal abundance of Cd is rather low (Table 5.1) and generally lower levels occur 
in igneous and metamorphic rocks. Cadmium tends to be most enriched in shales, oceanic and 
lacustrine sediments, and phosphorites (APPENDIX C, Figure 1) (Fleischer et al., 1974, 
Fergusson, 1990). Concentrations in soils are mostly in the range 0.08 – 10 mg/kg Cd with the 
highest natural concentration of Cd and Zn in clay rich soils. Typical Cd concentrations in 
various soils are summarised in Table 5.4 and APPENDIX C, Figure 2 (Page and Bingham, 1973, 
Kabata-Pendias and Pendias, 1992, Kabata-Pendias, 2001).  
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Table 5.4 Arsenic Concentrations in Soils  
Locations 
Range 
(mg/kg) 
Mean 
(mg/kg) 
Uncontaminated soil   
Background (1) 0.06 – 1.1 0.53 
Background (2) <0.01 – 2 0.265 
England and Wales  <0.2 – 40.9 0.8 
Japan    0.4 
London borough  <1 - 4 1.3 
Soil on black shales   
California  22 
Derbyshire, UK   24 
South Korea   11 
European Soil    
Topsoil  <0.01 – 14.2 0.145 
 
Anthropogenic Sources: A model of the Cd cycle by (Nriagu, 1980b) shows that anthropogenic 
emissions contribute most of the Cd in the environment (Figure 5.3). A large amount (8100t/yr) 
of Cd enters the atmosphere, comprising 800t from natural sources and 7300t from 
anthropogenic sources, resulting in an extremely complex deposition pattern of Cd into soil and 
waters. Anthropogenic Cd emissions to the atmosphere are mainly associated with Zn and Cu 
production; these two sources together account for about 60% of all the anthropogenic Cd 
emissions. It is estimated that 76% of all the anthropogenic Cd emissions to air is from the 
nonferrous metal industries (Nriagu, 1980a).  
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Figure 5.3 The Atmospheric Component of the Global Cadmium Cycle after Nriagu 
(1980b) 
  
 
Figure 5.4 Sources of Cadmium 
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About 22% of global emissions of Cd to the atmosphere is from indirect sources including fossil 
fuel burning. The major sources of Cd release to the environment are summarised in Figure 5.4. 
Anthropogenic sources of terrestrial Cd include rock phosphate fertiliser, the ash from fossil fuel 
combustion, waste from cement manufacture and metallurgical works, municipal refuse and 
sewage sludge and atmospheric deposition (Figure 5.3 and 5.4). In the West the relative 
contribution of different anthropogenic sources of Cd have been estimated to be: 54-58% from 
phosphate fertilisers, 39-41% from atmospheric deposition, and 2-5 % from sewage sludge 
(Alloway, 1995). The agricultural application of phosphate fertilizers represents a direct input of 
Cd to arable soils and hence the environment. Concentrations of Cd can be as high as 500 mg/kg 
in rock phosphates used for the manufacture of fertilisers (Alloway, 1995). 
 
The atmospheric deposition of Cd varies from 0.06 g/ha/yr in Greenland, to 44.4 g/ha/yr in New 
York City and it was135.6 g/ha/yr near the former Pb-Zn smelter at Avonmouth in SW England 
(Williams and Harrison, 1984). Globally, Cd inputs to land from atmospheric fallout, waste 
disposal and fertiliser applications are estimated to be 5,700 t and 2,000 t/yr, respectively 
(Nriagu and Pacyna, 1988). Since the use of Cd is mostly distributed rather than from point 
sources, it follows that Cd levels in soils are increasing and this is estimated currently to be by 
9,400 t Cd each year. 
 
The application of municipal sewage sludge to agricultural soils as a fertilizer can be a 
significant source of Cd. Soils which have received heavy applications of sewage sludge have 
been found to have total Cd soil contents of up to 64.2 mg/kg (Alloway, 1995). On a national or 
regional basis, however, these inputs are much less than those from either phosphate fertiliser 
application or atmospheric deposition (Nriagu and Pacyna, 1988). 
 
Globally, smelting of non-ferrous metal ores has been estimated to be the largest anthropogenic 
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source of Cd released to the aquatic environment (Fleischer et al., 1974, Fergusson, 1990, 
Merrington and Alloway, 1994). Contamination from existing mines can arise from mine 
drainage water, waste water from ore processing facilities, overflow from tailings pond, and 
rainwater run-off from the general mine area including from underground workings. Dissolved 
Cd in water is frequently removed by sorption onto fine clays, aquatic matters and ferric and 
manganese bydroxides. 
 
Rivers contaminated with Cd can contaminate surrounding land, either through irrigation for 
agricultural purposes, from the dumping of dredged sediments, or through flooding (Johnson and 
Eaton, 1980a). The Takahara River-Jintsu River region of Japan from which „itai-itai‟ disease 
was reported is an example of Cd contamination related to historical Zn-Pb mining carried by the 
river and deposited on (paddy) fields downstream.  
5.2.3 MERCURY 
Natural Sources: There are 25 Hg bearing minerals (Lewis and Plant, 2005), among which, 
cinnabar (HgS) is the most common. High concentrations of Hg also occur in other sulphide ore 
minerals such as sphalerite. Due to Hg‟s high affinity for organic carbon, it is often concentrated in 
coal and oil. Volcanism and volatilization of Hg from mineralised regions may be the main purely 
natural source now. The large size of the 
2Hg  ion, together with its low degree of ionic 
character, precludes its incorporation into many rock-forming silicate minerals. Average crustal 
abundance values for Hg in different rocks are given in Table 5.1. Mercury concentration in soils 
weathered from intrusive magmatic rocks and near sub-aerial and submarine volcanism can be 
very high as well. For example, 1.2-14.6 mg/kg at Steamboat Springs, NV, USA (Gustin et al., 
1999) represents a significant source of Hg to the atmosphere. Wang et al. (2003) found that there 
is a positive correlation between the concentration of Hg in the atmosphere and the content of Hg 
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in soil. Normal soil typically contains 20-150 μg/kg
 
Hg, and surface soil values do not tend to 
exceed 400 μg/kg (Kabata-Pendias, 2001). 
 
Anthropogenic Sources: The concentration of Hg in the environment are increasing as a result 
of human activity, mainly through fossil fuel combustion, mining, smelting and solid waste 
combustion. Nriagu and Pacyna (1988) estimated that 11,000 tons of Hg per year from 
anthropogenic sources enter the biosphere. Mercury is widely used in the manufacture of 
thermometers, barometers, diffusion pumps, mercury-vapour lamps, advertising signs, mercury 
switches and other electronic apparati. Other uses include pesticides, dental preparations, 
anti-fouling paint, batteries and catalysts. 
5.2.4 LEAD 
Natural Sources: Lead is usually mined from ores such as galena (PbS), anglesite (PbSO4) and 
cerussite (PbCO3 ). It is also widely dispersed at trace levels in a range of other minerals, including 
K-feldspar, plagioclase, mica, zircon and magnetite(WHO, 1995b). The average crustal 
concentration of Pb is 16 mg/kg which is much higher than that of As, Cd, Hg and Tl (Wixon and 
Davies, 1993). Lead is enriched in acid igneous rocks relative to basic rocks as a result of Pb
2+
 
substitution for K
+
 and Ca
2+
 in feldspar, mica and to a lesser extent, plagioclase and apatite 
(FOREGS, 2005b) (Table 5.1). Most sedimentary rocks contain approximately 19 mg/kg of Pb 
(Fergusson, 1990). Carbonaceous shales from the USA and Europe contain 10 – 70 mg/kg of Pb 
while phosphatic rocks can contain much higher concentrations, sometimes greater than 100 
mg/kg of Pb (APPENDIX C, Figure 3) (WHO, 1977).  
 
The natural Pb content in soil is related to that of the parent rock. Although Pb species vary 
considerably with soil type, it is associated mainly with clay minerals, Fe-Mn oxides and organic 
matter (APPENDIX C, Figure 4) (Wixon and Davies, 1993, WHO, 1977)). In some soil types, Pb 
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may be highly concentrated in Ca carbonate particles or in phosphate concentrations 
(Kabata-Pendias, 2001). A baseline Pb value for surface soil on the global scale has been estimated 
to be 25 mg/kg; levels higher than this suggesting an anthropogenic influence (Kabata-Pendias, 
2001). 
 
Anthropogenic Sources: Anthropogenic activity such as Pb mining, refining and Pb smelting, the 
use of agrochemicals, the application of sewage sludge to land and coal fly ash can all increase Pb 
levels in the soil (Wong et al., 2002, Nziguheba and Smolders, 2008, Merwin et al., 1994, Mirlean 
et al., 2007, Al-Khashman and Shawabkeh, 2006, Al- Enezi et al., 2004, Ansorena et al., 1995, 
Ferreira da Silva et al., 2005, Schwab et al., 2007, Singh and Agrawal, 2007, Shazili et al., 2006). 
Several activities such as mining, discharges from sewage works and surface run-off can all 
contribute to Pb contamination of water bodies. Irrigation of crops using water with high Pb levels 
can also increase soil Pb concentrations.  
 
Lead emissions from vehicles was one of the most important sources of atmospheric Pb pollution 
in urban areas in the past but this has declined dramatically over the last forty years because 
legislation has phased out the use of tetraethyl Pb (TEL) (Pacyna et al., 2007) as an anti-knock 
agent. Emissions from coal burning is an important source of anthropogenic atmospheric Pb which 
contains approximately 117 μg/m3 Pb. Lead concentrations in most aerosols is between 1,000 – 
10,000 μg/kg, coal fly ash can contain up to 1,500 mg/kg (Block and Dams, 1975). 
5.2.5 THALLIUM 
Natural Sources: Thallium has both lithophile and chalcophile properties with geochemical 
behaviour most similar to K and Rb (Sahl et al., 1978). Thallium minerals are very rare, although it 
is present in a large number of minerals and is usually most concentrated in sulphur-containing 
ores and K minerals. The main host minerals for Tl in igneous and magmatic rocks include 
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plagioclase (up to 100 mg/kg), K-feldspar (0.4 – 610 mg/kg), and micas (FOREGS, 2005b). 
Levels of Tl in the natural environment are relatively low and typical concentrations in the Earth's 
crust range from 0.1 to 1.7 mg/kg; with the highest values (up to 3 mg/kg) reported for acid 
igneous rocks and shale (APPENDIX C, Figure 5). Most coals contain 0.5 – 3 mg/kg Tl with much 
higher concentrations in organic-rich shales such as the Pierre Shale in the USA (25 mg/kg) and in 
Jurassic coals of Tadzhikistan (100 to 1000 mg/kg) (Smith and Carson, 1977).  
 
Total Tl concentrations in soil typically range from 0.1 to about 1.0 mg/kg with an average 
concentration of 0.25 mg/kg (Bowen, 1966, Bowen, 1979, Chattopadhyay and Jervis, 1974, 
Brumsack, 1977, Smith and Carson, 1977, Schoer, 1984). The Tl concentrations over Europe in 
topsoils and subsoils ranges from 0.01 to 24 mg/kg with a mean of 0.82 mg/kg (FOREGS, 2005b). 
 
Anthropogenic Sources: Contamination of sediment and soil by Tl is caused mainly by mining 
and smelting sulphide ores and by dust emitted by coal and oil fuelled power-generating plants, 
brickworks and cement plants (APPENDIX C, Figure 8). Large amounts of contaminated waste 
materials from mining Hg ore and coal containing 25 to 106 mg/kg Tl resulted in chronic Tl 
poisoning in China mainly via water (WHO, 1996a). In Northern Badenia, Germany, historic 
mining activity resulted in the enrichment of Tl in soil by factors of between 3 and 35 times 
(WHO, 1996a). Thallium emissions from a cement plant in Lengerich, Germany caused an 
increase in Tl concentrations of up to a maximum of 6.9 mg/kg in dry soil over an area of 1 to 2 km 
radius around the plant (Mathys, 1981). 
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Figure 5.5 Sources of Thallium 
Anthropogenic sources of Tl in water include drainage from oilfields, mineral industry workings 
and cement plants (Figure 5.5). Increased Tl levels in well water and an irrigation canal in China 
were caused by contamination from old waste materials from Hg and coal mining (Zhou and Liu, 
1985). Effluents from the tailing ponds of base-metal mining operations in New Brunswick, 
Canada contained 27 and 1620 μg/L dissolved Tl and up to 88 μg/L was found in receiving rivers 
(Zitko et al., 1975, Zitko, 1975). Waste materials from cement plants that use Tl-containing pyrite 
pose serious environmental risks (APPENDIX C, Figure 8). 
 
Emissions of Tl to air are mainly from (sulphide) mineral smelters, power-generating plants and 
cement plants (ATSDR, 1992). Thallium compounds are volatile at high temperatures and are not 
retained effectively by most emission control facilities. Hence, large amounts of Tl are released 
into the atmosphere if the raw material (coal or ores) is not selected for its low Tl content. In 
fly-ash from a coal-fired power plant, the Tl content is negatively correlated with particle size 
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(Manzo and Sabbioni, 1988). Thus Tl, as well as other toxic trace elements, is concentrated in the 
smallest particles, which pass through conventional power-generating plant filters and remain 
suspended in the atmosphere for long periods of time; such particles are respirable. 
5.3 Environmental Pathways 
The following section shows the abundance and behaviour of toxic heavy metals in potential 
environmental exposure media namely, soil, water, sediments and air. Their basic properties are 
presented in Table 5.5 and the key chemical speciation under ambient environmental conditions 
is also discussed. 
Table 5.5 Properties of As, Cd, Hg, Pb and Tl 
Property Arsenic Cadmium Mercury Lead Thallium 
Symbol As Cd Hg Pb Tl 
Atomic Number 33 48 80 82 81 
Atomic Mass 74.9 112.4 200.59 207.2 204.38 
Classification Metalloid Metal Metal Metal Metal 
Density 5.73 g cm
3
 8.65 13.456 11.34 11.85 
Melting point 817 °C
8
 
pressure) 
321 °C -38.87°C 327.46 °C 577°C 
Boiling Point 614 °C 
(sublimes) 
765 °C 356.58°C 1749 °C 1746°C 
CAS registry 
number 
7440-38-2 7440-43-9 7439-97-6 7439-92-1 7440-28-0 
5.3.1 ARSENIC 
Soil: In soils the behaviour of As is similar to that of P, and it is sorbed by Fe, Mn and Al oxides, 
noncrystalline aluminosilicates, and to a lesser extent by layer silicate clays. In acid conditions 
with a high clay or oxide content, As mobility is fairly low. 
 
Water: Concentrations of As in natural waters vary by more than four orders of magnitude and 
depend on the source of the As and the local geochemical conditions (Smedley and Kinniburgh, 
2002). The greatest range and highest concentrations of As are found in groundwaters, soil 
solutions and sediment pore waters because of the presence of favourable conditions for As 
                                                        
8 At high pressure 
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release and accumulation (Table 5.6 by Smedley and Kinniburgh (2002)). The dominant As 
species in water, depending on pH and redox are usually arsenate (+5) and arsenite (+3) with 
arsenate predominating under oxidizing conditions. Arsenic in groundwater is frequently of 
natural origin, and there are many problems of arsenical groundwater globally including in 
Bangladesh. Arsenic is released from the sediment into the groundwater due to anoxic conditions 
in which Fe is soluble. The levels of As tend to be higher in groundwater than in surface or 
drinking water. The relatively small amount of As released into stream waters during weathering 
is mobile only if the pH and Eh are sufficiently low to favour its persistence in trivalent form. 
Otherwise, dissolved As is rapidly oxidized to relatively insoluble As 5  and, as arsenate 
(AsO 34 ), becomes sorbed to hydrous Fe and Mn oxides, clays and organic matter. Except in the 
most acid surface waters such as those associated with mine drainage, dissolved As rarely exceed 
levels of a few μg/L (Hem, 1992). Fordyce et al. (1995) noted that the retention of As in solution 
is constrained by co-precipitation with Fe along with other elements such as Ba, Co, Ni, Pb and 
Zn. 
 
Microbial agents can affect the oxidation state of As in water, and mediate the methylation of 
inorganic As to form organic As compounds (Lewis et al., 2005). Microorganisms can oxidize 
arsenite to arsenate, reduce arsenate to arsenite, or reduce arsenate to arsine. Bacterial action also 
oxidizes minerals such as orpiment (As2S3), arsenopyrite (FeAsS) and enargite (Cu3AsS4) 
releasing arsenate. Under aerobic conditions, the common aquatic bacterium Pseudomonas 
fluorescens reduces arsenate to arsenite. The bacterium Anabaena oscillaroides reduces arsenate 
to arsenite (Lewis et al., 2005).  
 
 
Table 5.6 Concentration Range of As in Various Water Bodies in Europe 
Water Body and Location 
Arsenic Concentration: average and range 
(μg/L) 
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River Water  
Norway 0.25 (<0.005 – 1.1) 
Dordogne, France 0.7 
Po River, Italy 1.3 
Polluted European Rivers 4.5-45 
River Danube, Bavaria 3 (1 – 8) 
Schelde catchment, Belgium 0.75 – 3.8 (up to 30) 
  
Lake Water  
France 0.73 – 9.2 ( high Fe) 
Sweden 0.06 – 1.2 
  
Mining & Industry Influenced  
Loire Estuary, France Up to 16 
Tamar Estuary, UK 2.7 – 8.8 
Schelde Estuary, Belgium 1.8 – 4.9 
  
Groundwater  
Various UK aquifers <0.5 – 57 
Great Hungarian Plain Hungary, Romania <2 – 176 
Mineralised area, Bavaria, Germany <10 – 150 
  
Mine Drainage  
Ural Mountains 400,000 
Sediment Pore Water  
Baseline, Swedish Estuary 1.3 - 166 
 
Sediments: Alluvial sand, glacial till and lake sediments typically contain <1-15 mg/kg As. 
Arsenic in stream sediments occurs mainly as the oxides As2O3 and As2O5, which form soluble 
arsenites and arsenates in acid waters (Irgolic et al., 1995), and as sulphides, e.g. FeAsS and 
As2S3, heavy-metal arsenates and co-precipitated complexes with Fe oxides, which are much less 
soluble (Wedepohl, 1978).  
 
Air: The concentration of As in air is generally very low and normally ranges from 0.4 to 30 
ng/m
3 
(Mandal and Suzuki, 2002). Typical As levels for the European region are currently quoted 
as being between 0.2 and 1.5 ng/m
3
 in rural areas, 0.5 to 3 ng/m
3
 in urban areas and no more than 
50 ng/m
3
 in industrial areas (DG Environment, 2000 ). Arsenic enters the atmosphere as a result 
of wind erosion, volcanic emissions, low-temperature volatilisation from soils, marine aerosols 
and pollution. In air, As exists predominantly absorbed on particulate matters (PM), and is 
 94 
usually present as a mixture of arsenite and arsenate, with the organic species being of negligible 
importance except in areas of arsenical pesticide application (Mandal and Suzuki, 2002). 
5.3.2 CADMIUM 
Soil: The chemistry of Cd in is most similar to that of Zn. In well-drained acid soils with pH 
lower than 6, Cd
2+
 has medium to high mobility, because it adsorbs weakly on organic matter, 
silicate clays and oxides. In neutral to alkaline soils, Cd mobility and bioavailability is low, and 
over pH 7 Cd
2+
 can co-precipitate with CaCO3, or precipitate as CdCO3 and Cd phosphates may 
also limit the solubility. The sulphate and carbonate of Cd are less soluble than those of Zn 
(Rubin, 1976), so Cd
2+
 mobility is more restricted in carbonate-rich sediments and soils (Bowen, 
1982). Although Cd sulphate is relatively insoluble, concentrations are generally well below 
saturation (Hem, 1992). In arid and semi-arid climates levels of Cd may be high in soils as a 
result of natural geochemical processes. This has created problems in some irrigated farming 
regions where the climate is too dry for leaching to deplete naturally high Cd levels in soil 
(McBride, 1994). 
 
Water: The dissolved Cd in seawater is mostly in the range 4 to 70 ng/kg globally, whereas the 
Cd content of rivers and lakes differs significantly (APPENDIX C, Figure 6) (Forstner, 1980). 
There are several chemical forms that are potentially bioavailable including the inorganic solid 
phases, 3CdCO , 2)(OHCd , CdS , as well as chelated and insoluble organic-bound Cd, Cd 
precipitated or co-precipitated with hydrous oxides of Mn and possibly Fe, and several other 
inorganic constituents which are of minor importance. In surface waters, Cd is most mobile 
under oxidizing conditions at pH levels below 8. Consequently, the mobility of Cd released from 
minerals is likely to be high, especially during conditions of elevated flow, when pH is lower and 
Cd more readily leached. Since Cd
2+
 is the only stable oxidation state, the solubility of Cd is 
largely unaffected by changes in Eh (Fergusson, 1990, Brookins, 1988). Cadmium readily forms 
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complexes in solution with halides, cyanides and ammonium species, and has a strong affinity 
for organic matter. 
 
Sediments: A survey of the Lake District and the western North Pennines found levels of Cd of 
up to 14.3 mg/kg Cd with a mean value of 0.96 mg/kg Cd in stream sediments (BGS, 1992). 
Humic substances bind Cd
2+
 to a greater extent than the major inorganic ligands (e.g., Cl
-
, SO4
2+
, 
CO3
2+
, etc), especially at high pH (Reuter and Perdue, 1977). Clay minerals and Fe 
oxyhydroxide coatings adsorb Cd, and the metal also co-precipitates with Mn oxide (Hem, 
1992). Cadmium present in these potentially bioavailable chemical forms can be mobilized to 
more readily bioavailable fractions as a result of changes in the physicochemical properties of 
sediments. Redox potential, pH and salinity are the most important physicochemical parameters 
controlling Cd speciation in sediment-water systems and hence its availability to biota.  
 
Air: Cadmium concentrations in air normally range from 1 to 50 ng/m³, depending on the 
distance from the sources (Jones et al., 1987). Cadmium in the atmosphere comes from a wide 
variety of natural and anthropogenic sources. Worldwide, annual emissions of Cd from natural 
sources are estimated to be 843 tonnes (Nriagu, 1980b) About 25% of the natural Cd emission is 
derived from vegetation (as exudates, slouch, etc), 12% is attributable to airborne soil particles, 
62% to volcanogenic aerosols and 2% to forest fires, respectively. Although the degassing of 
crustal rocks has been suggested to be an important source of metals to the atmosphere 
(Goldberg, 1976, Chernyak and Nussinov, 1976), the release of Cd from this source has not been 
quantified (Nriagu, 1980b). 
5.3.3 MERCURY 
Soil: The behaviour of Hg in soil is highly dependent on its speciation, which is a function of 
several parameters including its initial concentration in soil solution, the presence of other ions, 
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such as Cl
-
, organic complex formation and precipitation. The presence of an excess of Cl
- 
ions 
in soil appears to decrease the sorption of Hg
+ 
onto mineral particles, including Mn oxides, and 
organic matter because highly stable Hg-Cl complexes are poorly sorbed (Kabata-Pendias, 2001). 
The sorption of Hg by clay in soil seems to be very limited, and to vary slightly with pH, the 
highest levels of sorption being at pH values from 4 to 5. In acid soil however, the formation of 
HgS, and even of metallic Hg can occur. The mobility of Hg requires dissolution processes, as 
well as biological and chemical degradation of organometallic compounds (Kabata-Pendias, 
2001). The transformation of organomercury compounds, especially the methylation of 
elemental Hg, plays the most important role in the Hg-cycle in the environment. The 
accumulation of Hg is related mainly to the levels of organic C and S in soil, and higher 
concentrations occur in surface soil than subsoil; organic soil has a higher Hg content than 
mineral soil, which is due to the binding capacity of raw humus.  
 
Water: Background levels of Hg in surface waters are usually very low, typically <0.1 μg/L. 
Mercury occurs in natural waters in several forms including elemental Hg, which is rare in 
unpolluted waters, ionic Hg (
Hg and
2Hg ) and methylated Hg (
HgCH 3 , HgCH 3 ). Some of 
the major inorganic Hg species behave differently at different pH. For example, at low pH in 
oxidising conditions 2HgCl is the predominant species, whilst at higher pH, 2)(OHHg is the main 
species. HgClOH makes up about 20% of the total 
2Hg at neutral pH (Beak International, 
2002). There is increasing evidence that natural organic materials form strong complexes with Hg, 
via sulphidic functional groups, which influence the concentration, speciation and subsequent 
bioaccessibility of Hg in the aquatic environment (Ravichandran, 2004). Mercury minerals such as 
cinnabar (HgS) and metacinnabar ( SeSFeZnHg ,),,( ) are insoluble under normal conditions, and 
metallic Hg will not react with stream water directly (Brookins, 1988). However, this apparently 
inert behaviour can be of concern, since spills of metallic Hg may persist within the stream 
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sediment for many years, and may still be mobilized in small but significant quantities by 
microbial methylation under favourable conditions. 
 
Sediments: The Hg content of sedimentary material rich in organic carbon, such as shale is 
relatively high. Transport of Hg with petroleum from source rocks into sedimentary traps can also 
lead to significant accumulation (White, 1967). Mercury is particularly concentrated in some 
sediment associated with mineralised and volcanogenic regions of Europe (FOREGS, 2005b). 
 
Air: Mercury enters the atmosphere as a result of volcanic emissions and pollution, and is returned 
to the Earth‟s surface by wet and dry deposition. Mercury levels in air are in the range of 2-10 
ng/m³ (WHO, 2005). The most important anthropogenic airborne pollutant inputs are reported to 
be from smelter operations and fossil-fuel combustion particularly coal fired power stations 
(Fitzgerald and Lamborg, 2004). Concentrations of Hg in cloud water have been reported to range 
between 7.5-71.8 ng/L with a mean of 24.8 ng/L (Zahir et al., 2005) 
5.3.4 LEAD 
Soil: Lead is present in soil as sulphates, carbonates and oxides, and is readily adsorbed onto clay 
particles and colloidal organic matter or complexed with organic ligands. The mobility of Pb in 
soil increases at low pH, and it is also influenced by the presence and concentrations of organic 
acids (WHO, 1995a). The concentration of Pb usually increases in the smaller sized fractions of 
soils in which it is associated with carbonates and Fe-Mn oxides (Yarlagadda et al., 1995). 
 
Water: Surface waters typically contain around 0.02 μg/L Pb, in open oceans, with concentrations 
ranging between 0.9 – 3.5 ng/L (APPENDIX C, Figure 7) (WHO, 1995b) (Henrikson and Wright, 
1978 ). Lead in the aquatic environment is usually present as Pb
2+
 where the pH is less than 6 and 
it can form complexes with organic anions, chlorides and hydroxides in these conditions 
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(FOREGS, 2005b). Inorganic Pb salts such as Pb sulphide, sulphate, hydroxy carbonate, 
phosphate and oxide are only sparingly soluble in water, while Pb nitrates, acetate and chlorides of 
Pb are water soluble.  
 
Sediments: In stream sediments, 35% of Pb is in the sand fraction with the remainder in the silt 
and clay fractions together with kaolinite, mica and secondary hydrous Fe oxide precipitates 
(Song et al., 1999). Hydrous Fe and Mn oxides are important scavengers of Pb in sediments as 
has been demonstrated along the Spanish coast (Morillo et al., 2004). Pacifico et al. (2007) have 
also shown that Pb has a high affinity for Fe oxides. Lead bound to sediments consists of 
insoluble mineral particles such as plumbojarosite which have been transported along the Tinto 
and Odiel rivers in Spain without undergoing weathering (Morillo et al., 2004).  
 
Air: Atmospheric concentrations of Pb in remote rural areas are in the range 0.01 – 0.1 µg/m3 
(WHO, 1977). Natural sources of airborne Pb include windblown dust, forest fires and volcanoes. 
The highest concentrations of Pb in air are in the most densely populated areas. The average 
levels in urban air are around 1.1 μg/m3 Pb while in non-urban areas this falls to 0.21 μg/m3 Pb. 
In areas remote from sources of Pb emissions values can fall to 0.02 μg/m3. The input of Pb from 
P fertilisers on European agricultural soils is lower than from atmospheric deposition (Nziguheba 
and Smolders, 2008). 
5.3.5 THALLIUM 
Soil: Thallium tends to persist in soil depending on soil type, although it may be leached to water 
under acid conditions. Retention is greatest in soils that contain large amounts of clay, organic 
matter and Fe/Mn oxides.  
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Water: Uncontaminated river water has been reported to contain < 0.01 to 1 μg/L Tl and seawater 
< 0.01 to 0.02 μg/L (APPENDIX C, Figure 8) (Smith and Carson, 1977, Bowen, 1979, Kemper 
and Bertram, 1984, Mason, 1966). Low concentrations of Tl have been found in volcanic springs 
(0.25 μg/L) (Arnold, 1986) and in three samples of hydrothermal water it was below the detection 
limit of 0.6 μg/L (Korkisch and Steffan, 1979). Although, in these investigations, dissolved and 
particulate Tl were not determined separately, Henshaw et al. (1989) found concentrations of up to 
0.41 μg/L Tl in filtered water from freshwater lakes. In three wastewater treatment facilities in 
Massachusetts, USA, which had no major industrial waste inputs, the Tl concentration in the 
influent was below the detection limit of 0.5 μg/L (Aulenbach et al., 1987). Thallium exists in both 
the monovalent (thallous) and the trivalent (thallic) form in aqueous environment. The thallous 
compounds behave like alkali metals, such as K, whereas the thallic compounds are less basic, and 
resemble Al in their behaviour. The Tl(I) ion is more stable in aqueous solutions in inorganic 
complexes than the Tl(III) ion, which is more stable in organic complexes (WHO, 1996a). 
Thallium(I) hydroxide, carbonate and sulphate are, highly soluble in water like the corresponding 
K compounds whereas the solubility of Tl(I) oxide, sulphide and halides is low and more like that 
of the corresponding compounds of Ag, Hg and Pb. Thallium(I) is only weakly complexed by 
humic acids, whereas Tl(III) forms stable complexes of the ][ 4TlX or 
3
6 ][TlX type (WHO, 
1996a). The principal Tl(III) hydroxyl species is 

2)(OHTl at about pH 7 while 3)(OHTl  
dominates in the range pH 7.5 – 8.8 in the pH range likely to be encountered in most natural 
waters, Tl is the principal form of Tl(I). The high solubility of Tl(I) compounds suggests that 
Tl(I) will not precipitate from solution in most environments. In the trivalent state, however 
quantitative co-precipitation with hydrous oxides of Al, Fe, Mn, Mg and Zr can occur. 
 
Sediments: Thallium concentrations in stream sediments are generally higher than soil with a 
range of 0.15 to 23.1 mg/kg depending on the local geology and geochemistry, but 
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uncontaminated sediments can have Tl concentrations as low as 0.01mg/kg (Waidmann et al., 
1992, Naganuma and Okutani, 1991, Mathis and Kevern, 1975, Bowen, 1966). 
 
Air: Mean values of particulate Tl in air of 0.06 ng/m
3
 have been reported for Europe with values 
of 0.22 ng/m
3
 reported for North America (Bowen, 1979). In a detailed study at Chadron, 
Nebraska, USA, by Struempler (1975), yearly mean values for Tl of 0.22 ± 0.08 (range 0.07 to 
0.48 ng/m
3
) and of 0.15 ± 0.04 ng/m
3
 were reported during the summers of 1973 and 1974, 
respectively. In industrial and urban areas of Genoa, Italy, the geometric mean concentrations of 
Tl have been found to be 15 and 14 ng/m
3
 in air, respectively, with maximum values of 58 ng/m
3
, 
although values were often below 1 ng/m
3
 (Valerio et al., 1988, Valerio et al., 1989). In London, 
levels of 0.07 to 6 mg/kg Tl in dust have been reported (Bowen, 1979). 
5.4 Effects on Human Receptor 
5.4.1 Human Health Exposure Pathways 
Human uptake of toxic heavy metals is mainly through inhalation, ingestion of food, 
drinking-water and dermal contact. The main human exposure route is diet through ingestion of 
heavy metal contaminated food and water. Airborne heavy metals can also be a significant source 
of occupational exposure in industries that produce, refine, use or dispose of heavy metals and 
their compounds or in those living near such sources (WHO, 1995). In addition, cigarette 
smoking can contribute a significant amount of non-occupational human exposure for Cd and Tl. 
The main human exposure pathways from anthropogenic sources are summarized in Figure 5.6.  
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Anthropogenic Sources
Pesticide and Fertiliser
Metalliferous Mineral 
Mining and Processing
Fossil Fuel Combustion
and Waste Incineration
Cement Manufacture and
Metallurgical Works
Municipal Refuse
e.g. landfill
Sewage Sludge to Land
Soil
Water
Air
Pathway Receptor
As, Cd, Hg
As, Cd, Hg,
Pb, Tl
As, Cd, Hg,
Pb, Tl
Cd
As, Cd, Hg,
Pb, Tl
Cd, Tl
 
Figure 5.6 Toxic Heavy Metals Anthropogenic Source-Pathway-Receptor Model  
 
5.4.2 ARSENIC  
Arsenic is essential for some organisms, but it is toxic to humans depending on its valency and 
speciation. Arsenic has great notoriety as a poison, though there are significant differences in the 
toxicity of different arsenic compounds. Arsenate (As
5+
) compounds are less toxic than arsenite 
(As
3+
). Arsenate has a similar structure to that of inorganic phosphate with which it can compete, 
replacing the phosphate required for adenosine triphosphate (ATP) production. This can then 
lead to the uncoupling of oxidative phosphorylation by formation of an unstable arsenate ester, 
which then hydrolyses spontaneously (arsenolysis) (ATSDR, 1990, Hughes, 2002). Arsenite on 
the other hand interacts with thiol groups, inhibiting essential sulphhydryl groups of enzymes 
and proteins (ATSDR, 1990, Rodriguez et al., 2003). Acute exposure can cause gastrointestinal 
effects, nausea, vomiting, anuria, neural effects coma and can lead to death due to fluid loss and 
circulatory collapse (Cullen et al., 1995). Chronic exposure increases the risk of skin 
 102 
pigmentation and cancer (WHO, 1996b).  
 
5.4.3 CADMIUM 
Cadmium, especially inorganic Cd species are highly toxic to humans (Gleason et al., 1969). 
After entering the body, Cd is sequestered in the liver and kidneys and has a long biological 
half-life of 10-35 years in humans. More than half the total body burden of Cd is found in these 
two organs, with most in the kidney (Elinder et al., 1976). The mode of action of Cd in human 
body varies depending on the dose, duration and exposure pathways. Acute Cd toxicity is 
associated with severe abdominal pain, nausea, vomiting, diarrhoea, headache, vertigo and it can 
lead to death within 24 hours, or 1 to 2 weeks later following liver and kidney damage (Tsuchiya, 
1980, Yasumura et al., 1980). Symptoms of chronic Cd toxicity include respiratory problems, 
renal dysfunction, disorders of Ca metabolism and bone disease such as osteoporosis and 
spontaneous bone fracture (Tsuchiya, 1980). Cadmium-induced „itai-itai‟ disease in Japan is one 
example of disease attributed directly to long-term exposure of the population to Cd via food and 
water. People who had eaten polluted rice and drunk the river water over a period of 30 years, 
were found to have accumulated a large amount of the metal in their bodies that caused a serious 
osteoporosis-like bone disease known as „Itai-itai‟ disease. It was the Japanese experience that 
raised awareness and concern about the toxicity of Cd especially in heavily industrialized regions 
of the world. More recently, many cases of acute and chronic Cd poisoning have been reported in 
industrialised countries such as the United States, England, France and Japan mainly related to 
battery manufacture. Moreover, Cd is also listed as an endocrine disrupting substance by Darbre 
(2006) because of its ability to bind to cellular oestrogen receptors and mimic the actions of 
oestrogens. There is some evidence that Cd exposure may be a factor in the development of 
prostate cancer (Waalkes, 2003). 
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5.4.4 MERCURY 
Mercury is highly toxic to most forms of life. Metallic Hg is relatively inert and not readily taken 
up by organisms, but it is volatile and its vapour is toxic. Mercuric salts are also highly toxic, but of 
even greater concern is the ability of micro-organisms to methylate Hg and its salts to create 
fat-soluble species such as methylmercury (
HgCH 3 ) and dimethylmercury ( HgCH 23 )( ) 
(Westcott and Kalff, 1996). These compounds are readily taken up by aquatic organisms, and may 
be concentrated by higher members in the food web, such as fish and shellfish, to several mg 
kg 1 (Wolfe et al., 1998). Mercury can bind to sulph-hydryl groups of proteins and disulphide 
groups in amino acids resulting in inactivation of sulphur and the blocking of enzymes, cofactors 
and hormones (Mathieson, 1995, Markovich and James, 1999). The ingestion of acute toxic doses 
of any form of Hg results in shock, cardiovascular collapse, acute renal failure and severe gastritis 
and colitis. Clinical symptoms of acute toxicity include pharyngitis, dysphagia, abdominal pain, 
nausea and vomiting, bloody diarrhoea and shock. Later, swelling of the salivary glands, 
stomatitis, loosening of the teeth, nephritis, anuria and hepatitis occur (Stockinger, 1981).  
 
Chronic exposure to either inorganic or organic Hg can permanently damage the brain, kidneys 
and developing foetus (ATSDR, 2004b). Chronic exposure to dietary methylmercury and Hg 
vapour leads to the typical neurotoxic symptoms associated with Hg poisoning, including 
disruption of the nervous system, damage to brain functions, DNA and chromosomal damage and 
negative reproductive effects, such as sperm damage, birth defects and miscarriages (Zahir et al., 
2005). 
 
5.4.5 LEAD 
Lead is toxic and it is the most widely studied heavy metal in relation to its human health effects. 
The principal concern about Pb is its harmful effect on the developing nervous system of children. 
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The severity of Pb toxicity is affected by its speciation, exposure time and pathway into the body 
(ATSDR, 2007).  
 
Lead in blood is usually bound to proteins in red blood cells. Around 40 – 75 per cent of Pb in 
plasma is bound to plasma proteins, mostly on albumin while some can be bound to γ-globulins 
(Ong and Lee, 1980). Lead not bound to proteins in plasma forms complexes with low molecular 
weight sulph-hydryl compounds such as the amino acid cysteine (Al-Modhefer et al., 1991). 
Human exposure to Pb is therefore often monitored by analysing blood samples although 
long-term cumulative Pb concentrations may be determined on bones samples (ATSDR, 2007). 
Lead can affect all organs of the body and Pb accumulation in tissues is independent of the route of 
exposure (DEFRA and Environment Agency, 2002). 
 
Typical symptoms of acute Pb toxicity include abdominal pains, constipation, cramps, nausea and 
vomiting which typically occur at blood Pb concentrations of 100 – 200 μg/L although colic has 
been reported in workers with blood concentrations of only 40 – 60 μg/L (Green et al., 1976) 
(ATSDR, 2007). In children, intoxication occurs at around 60 μg/L Pb (U.S.EPA, 2000b). 
 
Around 94 per cent of the total body burden of Pb is present in bones in human adults while in 
children this is 75 per cent (ATSDR, 2007, Lamadrid-Figueroa et al., 2006). This reservoir for Pb 
can maintain blood Pb levels even after exposure to Pb has ceased and the Pb can be transferred to 
the foetus during pregnancy as the maternal bones are resorbed for foetal skeleton production. 
 
Lead can have adverse neurological, cardiovascular, renal, hepatic, gastrointestinal, 
developmental, reproductive, endocrine and haematological affects (ATSDR, 2007). The most 
important diseases attributed to chronic Pb exposure are hypertension, chronic kidney disease, 
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Pb-induced anaemia and childhood mental development (linked with TEL Pb)(Carmignani et al., 
1988).  
 
Studies on the carcinogenicity of Pb and Pb compounds are inconclusive. However, one study has 
shown that there is a significant correlation between exposure to TEL and the incidence of 
colorectal cancer in workers. Lead is a suspected human carcinogen; the U.S. EPA classifies Pb as 
a Group B2, probable human carcinogen (U.S.EPA, 2000b). 
 
5.4.6 THALLIUM  
Thallium substitutes for K and produces complex and serious toxicity in humans that involves a 
wide range of organs and tissues. The most soluble forms of Tl (sulphate, acetate and carbonate) 
are more toxic than the less soluble (sulphide and iodide) salts (Gehring and Hammond, 1967). 
Symptoms of acute Tl toxicity depend on age, route of administration and dose. Doses which have 
proved lethal vary between 6 and 40 mg/kg body weight, with an average lethal dose of 10 to 15 
mg/kg body weight (Schoer, 1984). The lethal dose is equivalent to a daily intake of 2 or more 
litres of water containing 10 to 630 mg/L Tl. Without therapy such a dose usually results in death 
within 10 to 12 days, but death can occur within 8 to 10 hours (Kemper and Bertram, 1984, 
Kemper and Bertram, 1991). The triad of symptoms of gastroenteritis, polyneuropathy and 
alopecia is regarded as the classic Tl poisoning syndrome (Gastel, 1978), but in some cases 
gastroenteritis and alopecia are not present. Several other signs and symptoms can also occur, 
varying in order, extent and intensity. 
 
In cases of chronic poisoning, symptoms are similar but in general milder than in cases of acute 
intoxication (Schoer, 1984, Goldblatt, 1989). Sometimes permanent blindness can be caused. 
Recovery from Tl poisoning takes months and there can be many relapses (Sabbioni and Manzo, 
 106 
1980). Only a few cases of Tl poisoning as a result of industrial exposure have been reported and 
they are mainly the result of skin contact or inhalation.  
 
At a Zn smelter in eastern Germany, increased Tl levels were found in the urine of men working in 
the production process, as well as in men working in the administration (WHO, 1996a). In the part 
of the plant concerned with the production of Tl, the levels increased further (maximum value: 
28.6 μg/kg). High concentrations of Tl were also reported from the lung tissue of two coal miners 
from Germany (20.2 and 29.5 μg/kg wet weight). Concentrations in most other tissues were 
normal (Weinig and Zink, 1967). In Italy, slight but significant increases in Tl levels were found in 
the urine of cement workers (0.4 μg/kg) and cast iron workers (0.3 μg/kg), compared with a 
non-exposed group (0.2 μg/kg) (Apostoli et al., 1988). 
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Table 5.7 Summary of Human Health Effects of Different Toxic Trace Elements (Archer, 2006) 
 Absorption vs Excretion 
Acute Exposure Health 
Effects 
Chronic Exposure Health Effects 
As 
80-90% approx. inorganic As 
(III/V) and > 80% organic As 
absorbed in the GI tract; 
excreted primarily in urine 
Vomiting, oesophageal and 
abdominal pain, bloody „rice 
water‟ diarrhoea, facial and 
cerebral oedema, anorexia, 
insomnia, abnormal heart 
rhythm. 
Blood vessels damage, black foot disease leading to gangrene, skin pigmentation 
changes, hyperkeratosis, ulceration, small „corns/warts‟ on palms, soles and 
torso, Mee‟s lines, Raynaud‟s syndrome, myocardial ischemia, haematological 
changes / anaemia, hepatomegaly, central nervous/periphery nervous system 
damage („pins and needles‟ in hands and feet), skin epithelima and other 
cancers, coma, cardiovascular failure and death, inhibition of cellular respiration 
causing organ failure. 
Cd 5-8% rapidly absorbed in the 
GI tract; follows Zn/Cu 
pathways; low excretion rate 
via faeces and urinary 
excretion only significant 
following renal damage 
Nausea, vomiting, increased 
salivation, choking, 
abdominal pains, metabolic 
acidosis, tenesmus, 
diarrhoea, headaches. 
Zn deficiency, nephrotoxicity, increased protein in urine, hypertension, 
infertility, anaemia, cardiovascular diseases, renal failure, cardiopulmonary 
collapse, itai-itai disease (a form of osteomalacia) and bone pseudofractures, 
cancer. 
Cu 
50-60% absorption in GI tract 
Nausea, vomiting, diarrhoea 
and stomach cramps 
Jaundice, liver and kidney damage, death. 
Hg Organic Hg 90-100% and 
inorganic Hg up to 10-15% 
absorbed in GI tract 
Appetite loss, headache, 
irritability, fatigue, vomiting 
and fever 
Neuropathies causing: paralysis, memory loss, tremor, impaired physical 
coordination. Chromosome damage, nephropathies, teratogenesis, mutagenesis, 
cancer and death. 
Pb 10-30% absorbed in the GI 
tract, 90% of total body burden 
in bone tissue; most excretion 
via faeces and urine. 
Anorexia, dyspepsia, 
constipation, weakness in 
fingers, wrists or ankles. 
Neuropathies causing: memory loss, reduced IQ anaemia, hematopathies, 
nephropathies, ataxia, seizures, reduced male fertility, stunted growth in infants, 
coma and death. 
Tl Almost 100% water soluble Tl 
compounds absorbed in GI 
tract. Easily absorbed through 
skin. Mainly excreted via urine 
Vomiting, diarrhoea, 
constipation, headache and 
alopecia. 
Nervous system damage including paresthesia; muscular pain and weakness; 
mental confusion/delirium; convulsions; heart, liver and kidney diseases; death. 
Zn 
10-90% absorption in GI tract 
Stomach cramps, nausea and 
vomiting 
Anaemia, pancreas damage, reduced levels of high density lipoprotein 
cholesterol 
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5.5 Guideline Values: 
Guideline values of heavy metals and metalloids for the environment and human health are aimed 
at standardising the evaluation of contaminated water, soils and air. Using appropriate guideline 
values could make the data evaluation process more effective and efficient and thus prepare 
accurate preliminary results for subsequent quantitative risk assessment and to prioritise cleanup.  
 
Different countries use different guideline values for both contaminants and land use because of 
differences in the way the methodology is derived. The most widely used guideline values for 
fresh water, soil and air in the UK, the U.S., the Netherlands, Australia, the EU and WHO are 
discussed in the following. Based on the understanding of the variations in deriving the guideline 
values, appropriate ranges of guideline values were selected to facilitate further risk screening and 
prioritisation procedures for mining operations. 
5.5.1 Water Guideline Values (WGVs) 
Guideline values are derived for many chemical constituents of drinking-water. A guideline 
value normally represents the concentration of a constituent that does not result in any significant 
risk to health over a lifetime of consumption. A number of provisional guideline values have 
been established at concentrations that are reasonably achievable through practical treatment 
approaches or in analytical laboratories. 
  
There are two principal sources of information on health effects resulting from exposure to 
chemicals that can be used in deriving guideline values. The first and preferred source is studies 
on human populations (WHO, 2006). The value of such studies for many substances is limited 
however, owing to lack of quantitative information on the concentration to which people have 
been exposed or on simultaneous exposure to other agents. For some substances however, such 
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studies are the primary basis on which guideline values are developed. The second and most 
frequently used source of information is toxicity studies using laboratory animals (WHO, 2006). 
In order to derive a guideline value to protect human health, it is necessary to select the most 
suitable study or studies. Data from well conducted studies, where a clear dose–response 
relationship has been demonstrated, are preferred. Expert judgment was exercised in the 
selection of the most appropriate study from the range of information available. From the 
summary Table 5.8, it is clear that Australia has the most stringent values among the four 
different WGVs. Generally speaking, international WGVs are relatively consistent compared to 
the soil guideline values (SGVs). The WHO drinking water guidelines are the most widely used 
globally. Most variations are due to either country specific background level differences or 
acceptable decision-making. The variations in WGVs are insignificant.  
5.5.2 Soil Guideline Values (SGVs) 
The UK 
The CLEA model published by DEFRA and the Environment Agency (EA) in March 2002 sets a 
framework for the appropriate assessment of risks to human health from contaminated land, as 
required by Part IIA of the Environmental Protection Act 1990. As part of this framework, 
generic SGVs have currently been derived for ten contaminants to be used as “intervention 
values”. These values should not be considered as remedial targets but values above which 
further detailed assessment should be considered. 
Three sets of CLEA SGVs have been produced for three different land uses, namely: 
 residential (with and without plant uptake)  
 allotments  
 commercial/industrial  
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The U.S. 
The Soil Screening Levels (SSLs) are concentrations of contaminants in soil that are designed to 
be protective of exposures in a residential setting derived from Soil Screening Guidance aim to 
help standardize and accelerate the evaluation and cleanup of contaminated soils at sites on the 
National Priorities List (NPL) with future land use (U.S. EPA, 2008c). SSLs are risk-based 
concentrations derived from equations combining exposure information assumptions with EPA 
toxicity data. SSLs alone do not trigger the need for response actions or define “unacceptable” 
levels of contaminants in soil. In the U.S. SSLs, “screening” refers to the process of identifying 
and defining areas, contaminants, and conditions, at a particular site that do not require further 
Federal attention. Generally, at sites where contaminant concentrations fall below SSLs, no 
further action or study is warranted under the Comprehensive Environmental Response, 
Compensation and Liability Act (CERCLA). 
 
Generic SSLs can be used in place of site-specific screening levels; however, in general, they are 
expected to be more conservative than site-specific levels. To calculate SSLs, the exposure 
equations and pathway models are run in reverse to back-calculate an “acceptable level” of a 
contaminant in soil. For the ingestion, dermal, and inhalation pathways, toxicity criteria are used 
to define an acceptable level of contamination in soil, based on a one-in-a-million (10
-6
) 
individual excess cancer risk for carcinogens and a hazard quotient (HQ) of 1 for 
non-carcinogens. 
Netherlands 
In the Netherlands, the National Institute for Public Health and the Environment has derived 
Reference Values for maximum permissible soil pollution (RIVM, 2006). The Netherlands 
Ministry of Housing, Spatial Planning and the Environment (VROM) used these values as a 
basis for the maximum values for soil pollution. The ministry set these values down according to 
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a proposal for an update of soil policy and the Soil Protection Act in 2003. Reference values 
refer to allowed concentrations of pollutants in soil, depending on the land use. The soil 
concentrations of pollutants with values below these concentrations meet all the requirements. 
The risks for humans, the ecosystem and agriculture were analyzed as critical factors, with risk 
thresholds derived for different types of land use, such as playgrounds, gardens, and agricultural 
and nature areas. Furthermore, an accelerated procedure was used to compile a complete list of 
reference values in 2006.  
Australia 
The assessment levels used in Australia have been compiled from a number of sources, which 
are themselves compiled from a number of methodologies and studies (NEPC, 1999). For 
example; 
 National Environment Protection Council (NEPC) (1999) National Environment Protection 
(Assessment of Site Contamination) Measure; Schedule B(1) - Guideline on Investigation 
Levels for Soil and Groundwater. 
 Australian and New Zealand Environment and Conservation Council (ANZECC) and 
National Health and Medical Research Council (NHMRC) (1992) Australian and New 
Zealand Guidelines for the Assessment and Management of Contaminated Sites. 
 Moen, J.E.T., Cornet, J.P and Evers, C.W.A (1986) Soil protection and remedial actions: 
criteria for decision making and standardisation of requirements, in Assink, J.W and van den 
Brink, W.M (1986) Contaminated Soils, First International TNO Conference on 
Contaminated Soil, 11-15 November 1985. 
 Victorian Environment Protection Authority (Vic EPA) (1990) Acceptance Criteria in the 
Clean-up Notice for the Bayside Site, Port Melbourne. 
 US Environmental Protection Agency (EPA) National Center for Environmental Assessment 
(NCEA) Superfund Technical Support Center (2000) Region 9 Preliminary Remediation 
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Goals. 
They are therefore generic and providing guidance only. 
 
Generally speaking, there are significant variations in SGVs for certain trace elements for 
example As, Cd, Cu, Ni and Zn (Figure 5.7). The U.S. is the only country that distinguishes 
between carcinogenic and non-carcinogenic guideline levels which results in more stringent 
guideline values (e.g. As see Table 5.8). The greatest differences in industrial guideline values 
are for As, Cd, Cu and Zn whereas relatively small differences occur for Cd, Ni and Zn in 
residential levels. Residential SGV for As is an exception as the large difference is because the 
stringent U.S. carcinogenic As level in comparison with the non-carcinogenic levels used in the 
UK, Netherlands and Australia. The differences in Recreational and Ecological SGVs are 
insignificant.  
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Figure 5.7 Differences in Soil Guideline Values between Countries 
 
 
The variations in the guideline values for given contaminants and land use (i.e., Residential, 
Recreational, Industrial and Ecological) reflect the influence of politics in setting SGVs in 
different countries. The SGVs are therefore generally unscientific. Political consideration plays 
an important role in the determination of guideline values internationally. Therefore it is often 
the case that potential (carcinogenic or non-carcinogenic) human health risks are still high even 
at the full compliance with the guideline values (examples are shown at Chapter 8, section 8.7.2, 
Table 8.16). As a result, we have to clarify whether we are carrying out a precautionary 
 114 
environmental and human health risk assessment just for the purposes of compliance before 
adapting any guideline values. In mining, compliance with the Environment Agency‟s guideline 
values is the highest priority. However, the compliance may not guarantee a risk-free state. On 
the other hand, guideline values can be so stringent that the national background is higher than 
global average. In both situations, a site specific guideline values is more appropriate than a 
„national/international standard‟. This is especially the case for SGVs. 
5.5.3 Discussion and Conclusion 
Defining the site specific SGVs is clearly beyond the scope of this study; however, choosing and 
adapting an appropriate one is more practicable and feasible in developing routine precautionary 
risk monitoring processes. On the basis of the methodologies used in deriving the guideline 
values, the U.S. UK and Netherlands all developed SGVs based on their own chemical 
toxicology related researches whereas Australian derived its SGVs from compilation from other 
existing sources. Therefore, Australian SGVs are more likely to be adjusted only for local 
guidance use. The SGVs used in the UK is quite similar to the Dutch SGVs however, currently, 
there are only 10 SGVs available and therefore severely restricted in application for risk 
screening and prioritisation. As a result, most SGVs used for this study are derived from the 
Dutch and U.S. SSLs. After considering the variations in the SGVs for given land use carefully, 
using range instead of single values of SGVs is more appropriate for risk screening and 
prioritisation procedures. The conservative ranges enable the inclusion of potential risk and 
minimising the chances of risks being overlooked. In order to simplify and unify of risk 
screening and prioritisation procedures, the following ecological and human health soil guideline 
ranges are summarised (Table 5.9) and adopted in the following three case studies. 
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Table 5.8 International Guideline Values on Water, Soil and Air 
  Water Guideline Values  Soil Guideline Values  Air Guideline Values 
 
 Drinking water 
(mg/L) 
Fresh water (μg/L) 
Irrigation 
water (mg/L) 
 Residential 
(mg/kg) 
Recreational uses, 
e.g., parks (mg/kg) 
Industrial 
(mg/kg) 
Ecological 
(mg/kg) 
 
Ambient air 
(μg/m3) 
OHS (mg/m
3
) 
Al 
UK
1
 0.2 - - UK
5
 - - - - UK
9
 - 4
+
 
U.S.
2
 0.05-0.2 87-750 - U.S.
6
 77000 - 990000 - U.S.
10
 5.2 5
+
 
WHO
3
 0.2  - - Dutch
7
 - - - - WHO/EU
11
 - 1.5
+
 
AUS
4
 0.2  
<5 (pH<6.5) 
<100 (pH>6.5) 
5 
AUS
8
 
- - 
- 
- 
AUS
12
 
- - 
As 
UK 0.01 - - UK 20 - 500  UK - 0.1 
U.S. 0.01 150-340 - 
U.S. 0.39 (ca)* 
22 (nc) 
- 
1.6 (ca) 
260 (nc) 
- 
U.S. 0.00057 (ca) 
0.031 (nc) 
0.01 
WHO 0.01 - - Dutch 55 55 55 55 WHO/EU 0.006 0.01 
AUS 0.007 50 0.1 AUS 100 200 500 20 AUS - 0.05 
Cd 
UK 0.005 - - 
UK 1 (pH6) 
2 (pH7) 
8 (pH8) 
- 
1400 
- 
UK 
- 0.03
++
 
U.S. 0.005 0.25-2 - U.S. 70 - 810 - U.S. 0.0014 (ca) 0.01
++
 
WHO 0.003 - - Dutch 12 12 12 12 WHO/EU 0.005 0.01
++
 
AUS 0.002 0.2-2 0.01 AUS 20 40 100 3 AUS - - 
Co 
UK - - - UK - - - - UK - 0.1 
U.S. - - - U.S. 900 - 1900 - U.S. - 0.02 
WHO - - - Dutch 240 240 240 240 WHO/EU  0.02 
AUS - - 0.05 AUS 100 200 500 50 AUS  0.05 
Cu 
UK 2 - - UK - - - - UK  1 
U.S. 1.3 9-13 - U.S. 3100 - 41000 - U.S. - 1 
WHO 2 - - Dutch 190 190 190 190 WHO/EU  1 
AUS 2 2-5 0.2 AUS 1000 2000 5000 60 AUS  1 
Hg 
UK 0.001 - - UK 8 - 480 - UK  - 
U.S. 0.002 0.77-1.4 - U.S. 6.7- 23** - 28 – 310(ca)** - U.S. 0.31*** 0.025 
WHO 0.006 - - Dutch 10 10 10 10 WHO/EU  0.025 
AUS 0.001 0.1 0.002 AUS 15 30 75 1 AUS  0.025 
Mn 
UK 0.05 - - UK - - - - UK  0.5 
U.S. 0.05 - - U.S. 1800 - 23000 - U.S. 0.052 0.2 
WHO 0.4 - - Dutch - - - - WHO/EU  0.2 
AUS 0.5 - 2 AUS - - - - AUS  1 
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Mo 
UK - - - UK - - - - UK  10-20
+++
 
U.S. - - - U.S. 390 - 5100 - U.S. - 10 
WHO 0.07 - - Dutch 200 200 200 200 WHO/EU  - 
AUS 0.05 - 0.01 AUS 390 - 10220 40 AUS  10 
Ni 
UK 0.02 - - UK 50 - 5000 - UK  0.1-0.5
++++
 
U.S. - 52-470 - 
U.S. 
1600 - 
20000 
- 
U.S. 0.01-0.0051 
(ca)**** 
0.1-0.2
++++
 
WHO 0.07 - - Dutch 210 210 210 210 WHO/EU 0.02 0.1-0.2
++++
 
AUS 0.02 15-150 0.02 AUS 600 600 3000 60 AUS  0.1-1
++++
 
Pb 
UK 0.025 - - UK 450 - 750 - UK  - 
U.S. 0.015 2.5-65 - U.S. 400 - 800 - U.S. - 0.05 
WHO 0.01 - - Dutch 530 530 530 530 WHO/EU  0.05/0.15 
AUS 0.01 1-5 0.2 AUS 300 600 1500 300 AUS  0.15 
Sb 
UK 0.005 - - UK - - - - UK  0.5 
U.S. 0.006 - - U.S. 31 - 410 - U.S. 0.21***** 0.5 
WHO 0.02 - - Dutch 15 15 15 15 WHO/EU  0.5 
AUS 0.003 30 - AUS 30 - 820 20 AUS  0.5 
Se 
UK 0.01 - - UK 35 - 8000 - UK  0.1 
U.S. 0.05 5 - U.S. 390 - 5100 - U.S. - 0.2 
WHO 0.01 - - Dutch 100 100 100 100 WHO/EU  0.05 
AUS 0.01 5 0.02 AUS - - - - AUS  0.1 
Tl 
UK - - - UK - - - - UK  0.1 
U.S. 0.002 - - U.S. 5.1 - 66 - U.S. - 0.1 
WHO - - - Dutch 15 15 15 15 WHO/EU  0.1 
AUS - 4 - AUS - - - - AUS  0.1 
Zn 
UK - - - UK - - - - UK  5-10
+++
 
U.S. 5 120 - U.S. 23000 - 310000 - U.S. - 2-10
+++
 
WHO 15 - - Dutch 720 720 720 720 WHO/EU  2-10
+++
 
AUS 3 5-50 2 AUS 7000 14000 35000 200 AUS  5-10
+++
 
1 DWI (2007) The water supply (water quality) regulation 2000 (amendment) regulations 2007, Drinking Water Inspectorate. 
2 U.S. EPA (2008) Preliminary Remediation Goals 
3 WHO (2006) Guidelines for drinking water quality: incorporating first addendum. Vol.1, Recommendations, 3rd ed. World Health Organisation. 
4 NEPC (1999) Guideline on the investigation levels for soil and groundwater, Schedule B (1), National Environment Protection, Australia. 
5 Environment Agency, CLEA soil guideline values 
6 U.S. EPA (2008) Preliminary Remediation Goals  
7 RIVM (2006) Landelijke referentiewaarden ter onderbouwing van maximale waarden in het bodembeleid (Rural reference in support of maximum values in the soil), RIVM report 
711701053. 
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8. DoE (2003) Assessment levels for soil, sediment and water, draft for public comment, Department of Environment, Australia. 
9. HSE (2005) Approved Workplace Exposure Limits EH40/2005 Health and Safety Executive, UK. http://www.hse.gov.uk/index.htm and http://www.hse.gov.uk/coshh/index.htm 
10. U.S. National Institute for Occupational Safety and Health (NIOSH). http://www.cdc.gov/niosh/chem-inx.html 
11. International Chemical Safety Cards (WHO/IPCS/ILO) http://www.ilo.org/public/english/protection/safework/cis/products/icsc/dtasht/index.htm and EEC (2005). Directive 2004/107/EC of 
the European parliament and of the council of 15 December 2004 relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in ambient air. 
12. Department of Employment and Workplace Relations, Office of the Australian Safety and Compensation Council http://www.nohsc.gov.au/applications/hsis/searches.aspx 
* ca – carcinogenic; nc - noncarcinogenic 
**Elemental Hg – other inorganic Hg compounds, for example 6.7 for elemental Hg and 23 for other inorganic Hg compounds 
*** Elemental mercury 
****Carcinogenic ambient air concentration of 0.01 μg/m3 for Ni refinery dust and 0.0051 μg/m3 for Ni subsulphide. Carcinogenic industrial air concentration of 0.051 μg/m3 for Ni refinery 
dust and 0.026 μg/m3 for Ni subsulphide. 
*****Antimony trioxide  
+ Aluminium oxide respirable dust 
++ Cadmium sulphide respirable dust 
+++ Long-term exposure limit (8-hr TWA) and Short-term exposure limit (15-min) 
++++ Nickel soluble compounds and Nickel insoluble compounds 
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Table 5.9 Summarised Guideline Values/Ranges 
 Water Guideline Values Soil Guideline Values Air Guideline Values 
 Drinking water 
(mg/L) 
Fresh water 
(μg/L) 
Residential and 
recreational use 
(mg/kg) 
Industrial 
(mg/kg) 
Ecological 
(mg/kg) 
Ambient air 
(μg/m3) 
OHS (mg/m
3
) 
Al 0.05-0.2 5-100 77000 990000 - 5.2 1.5-5 
As 0.007-0.01 50-340 20-55 55-500 20-55 0.006-0.031 0.05-0.1 
Cd 0.002-0.005 0.2-2 1-70 12-1400 3-12 0.0014-0.005 0.01-0.03 
Co - - 100-900 240-1900 50-240 - 0.02-0.1 
Cu 1.3-2 2-13 190-3100 190-41000 60-190 - 1 
Hg 0.001-0.006 0.1-1.4 6.7-23 10-480 1-10 0.31 0.025 
Mn 0.05-0.5 - 1800 23000 - 0.052 0.2-1 
Mo 0.05-0.07 - 200-390 200-10220 40-200 - 10-20 
Ni 0.02-0.07 15-470 50-1600 210-20000 60-210 0.0051-0.02 0.1-1 
Pb 0.01-0.025 1-65 300-530 530-1500 300-530 - 0.05-0.15 
Sb 0.003-0.02 30 15-31 15-820 15-20 0.21 0.5 
Se 0.01-0.05 5 35-390 100-8000 100 - 0.05-0.1 
Tl 0.002 4 5.1-15 15-66 15 - 0.1 
Zn 3-15 5-120 720-23000 720-310000 200-720 - 2-10 
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CHAPTER 6  CASE STUDY I – RUSTENBURG PLATINUM MINE (RPM), 
SOUTH AFRICA 
6.1 Introduction 
The Rustenburg Platinum Mine (RPM) is located in the north-east of Rustenburg, North West 
province, South Africa. The lease area is approximately 130 km² and covers eight major 
catchments, namely: Wildebeestfontein spruit, Dorp spruit, Klipfontein spruit, Klipgat spruit, 
Paardekraal spruit, Hoed- & Brak spruit and Hex River (Figure 6.1). Within the lease area, 38 
tailing dams which are used mainly for recycling and disposal of liquid waste are scattered around 
the major operations including the Rustenburg Base Metal Refinery (RBMR), Waterval smelter, 
Precious Metal Refinery (PMR), Anglo Platinum Converting Process (ACP) and other business 
units. Solid wastes mainly comprising gangue rocks are usually dumped at sites near the eight 
main vertical mine shafts and three decline mine shafts. 
 
The orebodies mined by RPM namely Merensky Reef and UG2 consist a variety of minerals, 
including chromite, titaniferous magnetite, vanadium pentoxide, Ni, Cu and, more importantly 
for Anglo Platinum, the Platinum Group Metals (PGMs). In RPM, the Merensky Reef has been 
the principal source of PGMs since it was first worked in 1925. However, the other reefs have 
grown steadily in importance. The UG2 is found at a vertical distance of between 16 and 400 
metres below the Merensky Reef, depending on location.  
 
In this chapter, the possible impacts and risks associated with the release of potentially hazardous 
chemicals from RPM operations in South Africa are identified, evaluated and filtered through a 
systematic analysis of the likely effects of the chemicals on physical and biological resources. The 
potential chemical-related environmental impacts (adverse, direct, indirect, permanent, temporary, 
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and cumulative) associated with all phases of the RPM operations have been assessed using the 
method based on Hierarchical Holographic Modelling (HHM) and Multi-Criteria Decision 
Making (MCDM) described in Chapter 4. The main focus is to identify the potential 
environmental and human health exposure media of greatest concern.  
 
The potential impacts of the RPM were evaluated under the following categories: 
 
 Operational/Exploitation phase in RPM: 
 Large-scale production of ore (underground mining using a method known as 
conventional scattered breast) ; 
 Ore transport on site; 
 Breaking, rock fragmentation and concentration processes; 
 Smelting (at Waterval smelter); 
 Nickel and Copper refining at the RBMR followed by the ACP; 
 Precious metal refining at the PMR; 
 Mine waste treatment and disposal; 
 
 Unplanned events can include: 
 Tailing pond leaks or rupture 
 Pipeline leaks or rupture 
 Equipment failure 
 Underground explosions 
 Flooding 
 Extreme weather conditions, (e.g. storm flow) 
 Natural disasters such as earthquakes 
 
 Occupational health and safety incidents: 
 Workplace accidents 
 Occupational diseases 
 
 Cumulative and combined Impacts: 
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 Existing infrastructure and operations 
 Proposed projects 
 Social and economic implications 
 
In this Chapter, a semi-quantitative risk screening method is applied in which the sources of risk 
from all of the RPM operations are identified, filtered and ranked. The final outputs are the 
evaluations of risks with the highest ratings and their associated sources, pathways and receptors. 
The impacts and risks identified are part of an iterative process and it is recommended that any 
findings of the assessment be continuously reviewed and updated. It is hoped that any 
recommendations provided will help environmental risk management at the RPM. 
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Figure 6.1 Catchments’ Boundaries and Surface Infrastructure for Anglo Platinum – Rustenburg Operations (SRK Consulting, 2005) 
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6.2. Data Collection 
Data collected during the site investigation include site characteristics (i.e., rainfall-evaporation, 
site catchments, aquifer types and water uses), and soil, water and air monitoring data. 
6.2.1 Site Characteristics 
6.2.1.1 Rainfall and Evaporation 
Rainfall at Rustenburg occurs mainly during thunderstorms and heavy showers (SRK Consulting, 
2005). Table 6.1 summarises rainfall and evaporation data for Klipfontein and Kroondal weather 
stations respectively. The data show that a net water loss prevails in the region and furthermore 
that rainfall in the region is very variable. Total rainfall for September 2004 to August 2005 was 
11% lower than the long-term average. 
Table 6.1 Monthly Rainfall and Evaporation at Klipfontein and Kroondal Weather 
Stations (SRK Consulting, 2005) 
Date 
Average Rainfall (mm) Evaporation (mm) 
Monthly Average 
1928 to 2003 
Total Monthly 
09/2004-08/2005 
Max. daily 
Rainfall (mm) 
09/2004-08/2005 
09/2004-08/2005
 
September 04 15.5 0.0 0 159.8 
October 04 53.7 37 25 185.6 
November 04 83.1 55 18 176.3 
December 04 116.7 114.5 28.5 191.8 
January 05 115.4 144.9 29.5 181.9 
February 05 90.7 78.6 56 151.8 
March 05 79.1 57.3 16 147.2 
April 05 46.6 78.6 31.5 116.1 
May 05 16.4 0 0 98.8 
June 05 8 0 0 81.3 
July 05 4.1 0 0 90.1 
August 05 5.1 0.2 0.2 119.3 
Total 634.4 566.1  1700.0 
 
6.2.1.2 Catchment Description 
The RPM operations are located in the Hex River and Sterkstroom River catchments within the 
upper reaches of the Crocodile River catchment (Figure 6.1). Natural runoff generated on the 
majority of the mine‟s property drains into the Hex River upstream of Bospoort Dam via several 
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small ephemeral streams, namely the Dorpspruit, Wildebeestfonteinspruit, Paardekraalspruit and 
Klipgatspruit. These streams are dry for most of the year. The Klipfonteinspruit, situated within 
the Hex River catchment, drains to Naudé Dam and has been diverted in the vicinity of the ACP 
and Waterval Smelter. Under normal operating and weather conditions the Naudé Dam does not 
discharge into the Hex River. 
 
The Hex River is the main regional arterial drainage for the greater Rustenburg area and flows 
northwards across the mine property. The Vaalkop dam is situated downstream of the Bospoort 
dam on the Hex River and is immediately upstream of the Hex River‟s confluence with the 
Crocodile River. The dam is fed from the Roodekopjes dam via an off-take canal.  
 
Runoff generated in the vicinity of the Brakspruit shaft and the Western Limb Tailings 
Re-treatment (Project) (WLTR) complex drains to the Sterkstroom River via the ephemeral 
Brakspruit and Hoedspruit streams. The Sterkstroom River flows to the Roodekopjes dam on the 
Crocodile River downstream of the Hartebeestpoort dam. Table 6.2 shows the catchments which 
the different mining operations could have an impact on. 
 
Table 6.2 Catchments in Which the Operations are Located 
Operation Affected Catchment 
RPM-R/S* 
Wildebeestfonteinspruit, Brakspruit, Hoedspruit, Hex River, 
Klipfonteinspruit, Klipgatspruit, Paardekraalspruit, Dorpspruit 
Waterval Smelter Klipfonteinspruit 
PMR Klipfonteinspruit 
RBMR Klipfonteinspruit 
* Rustenburg Platinum Mines Limited – Rustenburg Section (incorporation mining and concentration functions) 
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6.2.1.3 Aquifer Types and Characteristics  
The three aquifer types identified in the mine lease area are given in Table 6.3 and the 
Shallow perched bedrock aquifer is described below (SRK Consulting, 2005). Apart from 
the floodplain soil profile aquifers and the deep aquifer system, the remaining aquifers 
identified are collectively shallow bedrock aquifers.  
Table 6.3 Types and Distribution of Groundwater Systems in the Mine Lease Area (SRK 
Consulting, 2005) 
Type of aquifer Regionally distributed 
aquifers 
Locally distributed aquifers 
Shallow 
groundwater 
systems 
Floodplain soil 
profile aquifers 
Tributary valley floodplain soil 
profile aquifers 
Hex River valley aquifer 
(restricted to Hex River valley) 
Sterkstroom valley aquifer 
Shallow 
bedrock 
aquifers 
Shallow perched bedrock 
aquifer 
UG2 pyroxenite aquifer 
Hex River fault aquifer 
Hoedspruit 
Deep aquifer system Deep aquifer system  
6.2.1.4 Groundwater Users 
Groundwater users at and downstream of the mine lease area have been identified by SRK 
Consulting (2005) and are outlined below: 
The main source of groundwater for domestic and limited agriculture on farm smallholdings 
along the Hex River is the Hex River valley aquifer and the UG2 pyroxenite aquifer. Limited use 
is made of groundwater for drinking and irrigation in the townships of Mfidke (Klipgat 
sub-catchment), Kwa Photsaneng (Klipgat sub-catchment) and Thekwane (Klipgat and 
Paardekraal sub-catchments). The source is either the shallow weathered bedrock or deep 
fractured aquifers. Only one borehole, “Old borehole”, was located at Kwa Photsaneng rural 
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village in the Hoedspruit catchment but the pump installed in this borehole is not working. The 
community confirmed that only municipal water was used in this area. No domestic groundwater 
is used within a 1km radius of the Hoedspruit tailings dam area. Isolated farm users, away from 
the main river system, use groundwater either from the shallow weathered bedrock or deep 
fracture aquifers. 
6.2.1.5 Surface Water Users 
Streams are not used for domestic use or for livestock watering on the mine property. There is 
however limited consumption of stream water by several informal settlements that have no 
formal water supply, as well as by livestock belonging to both formal and informal communities. 
No commercial-scale irrigation exists between the mine and Bospoort Dam or in the Sterkstroom 
area. Some small-scale irrigation for subsistence farming may be taking place.  
6.2.2 Soil 
Several studies have been carried out on soils at the Rustenburg lease area since 1994. In March, 
1999, a soil-sampling programme was completed by the Institute of Soil, Climate and Water 
(ISCW) in the vicinity of the Waterval smelter (Environmental Services Africa, 2000a). The 
study showed that Hg concentrations in near-surface and sub-surface soils tend to be well below 
0.2 mg/kg (the South Africa guideline limit). Selenium concentrations in the near surface and 
sub-surface (0.5m below surface) are generally high (exceeding the South African guideline limit 
of 2 mg/kg), especially close to emission sources such as the main stack at the Waterval smelter. 
The study also suggested that particulate emissions were not the only potential sources of Hg and 
Se. Products such as caustic soda used in the RBMR process possibly contained significant 
levels of these elements.  
 
The chemical speciation study by Environmental Services Africa (2000b) on metals in soils 
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around the PMR found that Cu and Pb are concentrated in the top soils across most of the site but 
they have not been leached into the sub-soils. The sources of the top and sub-soil contamination 
were considered to be leaks from the evaporation dams and storm water runoff (Environmental 
Services Africa, 2000b). The main concern about sub-soil contamination was the southern 
embankment of the Klipfontein Spruit from the leaks from tailing dams according to the study. 
The main sites of storm water contamination were the North West and North East storm water 
discharge sites and the northern sector of the Sterile zone including the North West and North 
East storm water collection sumps. 
6.2.3 Waste Rocks and Tailings 
The activities at the different units in the RPM (e.g. mining, milling, smelting and refining) 
generate waste that is deposited at the surface. These waste piles can be divided into three 
categories (Table 6.4) and their locations are shown in Figure 6.2: 
 The waste rock piles comprising waste rock from mining. 
 Tailings dams comprising the fines generated during the concentration process; 
 Sludge piles where mud from underground is deposited after pumping to surface and left 
to dry. 
 
Table 6.4 Waste Rock Dumps and Tailing Dam at RPM (SRK Consulting, 2003) 
Waste pile Type of material disposed of 
Brakspruit Waste rock from underground 
Turffontein Waste rock from underground 
Bleskop Waste rock from underground 
Frank 1 Waste rock from underground 
Paardekraal Waste rock from underground 
Townlands Waste rock from underground 
Boschfontein Waste rock from underground 
Paardekraal Tailings¹ 
Klipfontein Tailings¹ 
Waterval Tailings² 
¹active tailings dam    ²-decommissioned tailings dam 
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Boschfontein Shaft
Turfontein Shaft
Townland Shaft
Paardekraal Shaft
Frank 1 Shaft
Bleskop Shaft
Brakspruit Shaft
Paardekraal Tailings
Dam Complex
Waterval Tailings
Dam Complex
Klipfontein Tailings
Dam Complex
 
Figure 6.2 Locations of the Waste Rock Dumps and Tailing Dams (SRK Consulting, 2003) 
 
Mine wastes from the RPM contain iron sulphides, which may oxidise to produce Acid Mine 
Drainage (AMD). A detailed study on the geochemical characterisation of waste rock and 
tailings at RPM was therefore carried out in 2003 by SRK Consulting (2003) to examine the acid 
generation potential as well as the heavy metal concentrations (Table 6.5). The study found that 
the waste rock in the dumps at Turfontein, Bleskop, Townlands, Boschfontein and Paardekraal 
shafts have low sulphur contents (below 0.25%) and a neutralising potential in excess of three 
times that of their acid producing potential. Hence the rock dumps were classified as non-acid 
forming and unlikely to produce any significant acidity. The sludge collected at both the 
Townlands and Turfontein shafts contains relatively high sulphur concentrations (greater than 
0.4%), which contributes to the acid generating potential as the sulphur oxidises. In addition, 
some potentially hazardous heavy metals such as Cu, Ni, Pb and Zn are relatively high in those 
waste dumps (see Table 6.5) 
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Table 6.5 Summary from Waste Rock Dumps and Tailing Dams Studies (SRK Consulting, 2003) 
 
Waste Rock Dumps Tailing Dams 
Brakspruit Turfontein Bleskop Frank 1  Paardekraal Townland Boschfontein Paardekraal Klipfontein Waterval 
  sludge     sludge     
Area (ha) 17.5 9.89 0.5 1.35 4.5 4 9.16 0.5 4.7 336 189 227 
Deposition 
(t/month) 
291160 259886  11415 248340 116366 137668  52951 950000 120000 869446 
Dose
9
 16637 26277  8455 55186.7 29091.5 15029.3  11266 2827 634. 3830. 
ARD 
potential 
Type II
10
 
Type 
III
11
 
Type I
12
 Type III Type II Type III Type III Type I Type III Type III Type II Type II 
Potential 
affected 
catchment 
Brakspruit Paardekraal spruit 
Klipfontein 
spruit 
Klipgat 
Spruit 
Klipfontein 
Spruit 
Dorp Spruit 
Boschfontein 
Spruit 
Paardekraal 
spruit & 
Klipgat spruit 
Klipfontein 
Spruit 
Klipgat 
spruit 
Cd (ppb) 25 95 7 3 90 16 5 7 4 1 0 1 
Pb (ppb) 1331 785 66 191 4113 1248 606 66 307 131 28 201 
As (ppb) 30 43 33 14 91 9 25 33 37 1 0 2 
Zn (ppb) 11028 19242 218 3635 33735 9726 6790 301 3123 910 173 1286 
Cu (ppb) 285 634 328 22 1148 212 103 454 35 125 9 113 
Ni (ppb) 888 2171 541 14 5250 206 631 1052 286 247 75 282 
                                                        
9 Dose is calculated based on the mass of material (tonnes) deposited on 1 hectare in one month. 
10 Type II - Intermediate, Total S (%) > 0.25% and Acid Gen Potential (AP): Neutral Potential (NP) ratio 1:3 or less. 
11 Type III – Non-Acid forming, Total S (%) < 0.25% and AP: NP ratio 1:3 or greater 
12 Type I - Potential acid forming, Total S (%) > 0.25% and AP: NP ratio 1:1 or less. 
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6.2.4 Water 
Surface Water Monitoring: 
Surface water monitoring was carried out by Cleanstream Scientific Services (SRK Consulting, 
2005). The compliance of the monitoring data for the Klipfonteinspruit, Hex River, 
Paardekraalspruit and Klipgatspruit with the South Africa Department of Water Affairs and 
Forestry (DWAF)‟s permits for the period September 2004 to August 2005 is summarised below. 
Surface water monitoring data are available only for pH, EC, nitrate (NO3), sulphate (SO4), 
fluoride (F), chloride (Cl) and sodium (Na) because they are regulated/required by the DWAF‟s 
permit. The detailed monitoring data and DWAF permit levels are given in APPENDIX D – 1 
and 2.  
 
Klipfonteinspruit 
 
 The annual average water quality data for the upper Klipfonteinspruit monitoring point K105 
showed that levels of EC, Cl, SO4, Na and NO3 exceeded the permit.  
 The annual average water quality for the lower Klipfonteinspruit monitoring points showed 
levels of EC (K037, K028), Cl (K037, K032), SO4 (K037, K032), NO3 (K037, K032 and 
K063) and Na (K037, K032, K063 and K028) exceeded the permit.  
 
Figure 6.3 Water Monitoring Points at Upper Klipfonteinspruit (SRK Consulting, 2005) 
 
Figure 6.4 Water Monitoring Points at Lower Klipfonteinspruit (SRK Consulting, 2005) 
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Paardekraalspruit 
 Monitoring point K101 was recorded as dry during the reporting period.  
 The annual average water quality for monitoring point K048 showed that levels of EC, Cl, 
SO4, PO4, NO3 and Na concentrations exceeded the permit.  
 
Figure 6.5 Water Monitoring Points at Paardekraalspruit (SRK Consulting, 2005) 
 
Klipgatspruit 
 The annual average water quality for monitoring points K079 and K035 showed levels of EC, 
Cl, SO4, PO4, NO3 and Na exceeded the permit concentrations.  
 
Figure 6.6 Water Monitoring Points at Klipgatspruit (SRK Consulting, 2005) 
 
Hex River 
 The annual average water quality data of the Hex River monitoring points showed levels of 
EC, Cl, PO4, NO3 and Na exceeded the permit concentrations.  
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Figure 6.7 Water Monitoring Points at Hex River (SRK Consulting, 2005) 
 
Groundwater Quality  
The RPM operations monitor groundwater from various monitoring boreholes within the lease 
area on a monthly or quarterly basis; the positions of the monitored boreholes are presented in 
Figure 6.8. The RPM does not have specific compliance points for ground water. The water 
quality data have been collected since 1995 except in the Hoedspruit area, where monitoring 
began in May 2002 in accordance with the operational program for the Hoedspruit tailings dam. 
Table 6.6 gives an overview of the ground water quality data for a five-year period where 
available (SRK Consulting, 2005). 
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Figure 6.8 Groundwater Monitoring Boreholes at the RPM (SRK Consulting, 2005) 
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Table 6.6 Summary of Water Quality Data for Regionally Distributed Aquifers in the RPM 
Region (SRK Consulting, 2005) 
Tributary 
Sub-catchment 
Valley floodplain 
soil profile aquifer 
Shallow weathered 
bedrock aquifer 
Wildebeestfontein 
(minor part of) 
No significant distribution in lease area No data available 
Boschfontein No data available Good 
Dorpspruit 
Good 
Slightly elevated levels for Mn 
Good 
 
Hex River West Good Good 
Hex River East 
(Waterval UG2 
Area) 
No significant distribution in lease area 
Good 
Slightly elevated levels for Mg 
Klipfontein 
Poor 
Elevated values for Total Hardness, 
TDS, Cl, SO4, Mg 
Poor 
Elevated values for Total Hardness, 
TDS, Cl, SO4, NO3, Ca, Mg, Na, Fe, Al, 
B, Cu, 
Cd, Co, Ni, Pb, Se, hydrocarbons 
Klipgat 
Poor 
Elevated values for Total Hardness, 
TDS, Cl, SO4, Ca, Mg 
Poor 
Elevated values for Total Hardness, 
TDS, Cl, SO4, NO3 
Ca, Mg, Na 
Paardekraal 
Poor 
Elevated values for Total Hardness, 
TDS, Cl, SO4, NH4, NO3, Ca, Mg, Na, 
Mn 
Poor 
Elevated values for Total Hardness, 
TDS, Cl, SO4, NH4, Ca, Mg, Na, Mn 
Bospoort South No significant distribution in lease area No data available 
Bospoort South-East No significant distribution in lease area No significant distribution in lease area 
Tierkopspruit No significant distribution in lease area No data available 
Hoedspruit No data available 
Poor 
Elevated values for TDS, NH4, Cl, SO4, 
Ca, Mg, Na 
Brakspruit North No data available 
Moderate 
Elevated values for NO3, Mg 
6.2.5 Air 
Air quality is monitored on a regular basis at the main emission points at the RPM. Several 
studies had been carried out to understand their potential impact of emissions from the Waterval 
smelter, RBMR and PMR on local environment and human health (PEMS, 1999, APP, 2004). 
The following emission sources were identified: 
 The Main stack on the Waterval smelter; 
 The Flash Dryer stack; 
 The New Acid Plant stack; 
 The Slag Cleaning Furnace; 
 The Fugitive emissions from the furnace and ACP buildings; 
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 The Fugitive emissions generated due to vehicle activity on site; 
 
The emission rates from these main emission sources are summarised in Table 6.7 after Ecoserv 
(Pty) Ltd. Simulations with or without fugitive emission sources were carried out based on these 
emission rates, stack heights and the prevailing wind directions. The results showed that SO2 
exceeded the daily limit of 125 µg/m
3
 at Waterval Village, Frank Shaft and Mfidike. Maximum 
off-site ground level concentrations of 2500 µg/m
3
 (hourly maximum), 350 µg/m
3
 (daily 
maximum) and 160 µg/m
3
 (annual average) were predicted representing a factor of 7.14, 2.8 and 
3.2 of the respective South African guideline/standards. Moreover, maximum predicted off site 
NO2 concentrations were up to 9 times higher than the South African guideline values. 
 
The predicted ground As levels in PM10 indicated a cancer risk of 2.2 in 10,000 with the 
inclusion of fugitive emissions using the U.S. EPA unit risk values; whereas ground Ni levels 
showed a cancer risk of 5.73 in 10, 000 at the site boundary. Similarly, inclusion of the fugitive 
emissions exceedances of the Cd and Pb threshold levels were also reported at the Waterval 
smelter boundary. The Airshed Planning Professionals (Pty) Limited (APP) then further 
concluded that the fugitive emissions on site were the dominant contributors to the predicted off 
site ground level concentrations. Significant contributions were also made by the main stack and 
new acid plant stack however at the Waterval smelter respectively. 
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Table 6.7 Emission Rates for the Main Sources at RPM Waterval Smelter (g/s) (APP, 2004) 
 
Flash Dryer 
stack 2 
Flash Dryer 
stack 3 
Flash Dryer 
stack 4 
Main stack 
New Acid 
Plant stack 
Slag Cleaning 
Furnace stack 
Granulation 
stack 1 
Granulation 
stack 1 
Sb 0.0007 0.0007 0.000043 0.00006 0.000076 0.00004 - 0.00002 
As 0.00004 0.00004 0.00004 0.000056 0.00007 0.00004 0.00001 0.00025 
Be 0.000015 0.000013 0.000026 0.000032 0.000045 0.00028 - - 
Cd - - - 0.00061 - 0.00008 0.00001 0.00022 
Cr 0.00028 0.00028 0.00028 0.009 0.0018 0.00045 0.00014 0.00066 
Co 0.00024 0.00024 0.00015 0.00086 0.00027 0.00047 0.00005 0.00002 
Cu 0.00074 0.00074 0.0027 0.032 0.00026 0.0076 0.0018 0.00037 
Pb 0.0001 0.0001 0.00041 0.024 0.00047 0.035 0.00027 0.0022 
Mn 0.00014 0.00014 0.00014 0.00011 0.00003 0.00026 - - 
Hg 0.00006 0.00006 0.00029 0.0017 0.00031 0.00016 0.00001 0.00001 
Ni 0.0062 0.0062 0.0059 0.041 0.0078 0.012 0.0022 0.001 
Ag 0.00006 0.00006 0.00002 0.000039 0.00028 0.00005 - - 
Sn 0.00005 0.00005 0.00007 0.00004 0.00013 0.0034 0.00072 0.00001 
CO 0.62 0.62 0.62 11.45 8.4 2.03 0.000064 0.000064 
PM10 0.1 0.09 0.23 1.73 0.2 0.44 0.003 0.014 
SO2 0.01 0.72 1.35 63.55 40.33 0.33 0.93 0.93 
NO2 2.8 2.71 5.12 0.96 13.8 0.0025 0.0025 0.0025 
Volume Source (Fugitives) 
 ACP Building Fugitives 
Furnace building 
Fugitives 
Vehicle 
Entrainment 
Crushing 
Sb 0.00019 0.000086 0.000014 0.00028 
As 0.0021 0.00083 0.0000089 0.00018 
Be 0.000026 0.000036 0.0000039 0.000082 
Cd 0.0018 0.00085 0.00000079 0.000016 
Cr 0.0063 0.0099 0.000063 0.0013 
Co 0.00056 0.00095 0.000047 0.00097 
Cu 0.017 0.035 0.00031 0.0064 
Pb 0.019 0.027 0.000046 0.00094 
Mn 0.000053 0.00012 0.000031 0.00064 
Hg 0.00016 0.0018 0.000031 0.00064 
Ni 0.025 0.045 0.0014 0.028 
Ag 0.000033 0.000044 0.000011 0.00022 
Sn 0.0058 0.00078 0.000013 0.00026 
CO - - - - 
PM10 1 1.56 0.031 0.644 
SO2 1.7 4.25 - - 
NO2 3.4 6.47 - - 
 
6.3 Data Evaluation using Media of Greatest Concern (MGC) 
The new procedure for identifying media of greatest concern was described in Chapter 4 section 
4.2.3 and is summarised in Figure 6.9 below. The results from the RPM case study are presented 
below. 
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1.Conceptual Model
2.Hazard Identification
4.Risk Communication
/Resource allocation
3.1 Step I. Scenario 
filtering
3. Hazard Assessment 
(prioritisation)
3.2 Step 2. Bi-criteria 
filtering and ranking 
3.3 Step 3. Multi-
Criteria Analysis 
 
Figure 6.9 Flow of Risk Assessment Framework for RPM 
 
6.3.1 Conceptual Model Construction 
The risk identification and assessment of the RPM began by constructing a graphical conceptual 
model to assess the impacts of the RPM operations on the receiving environment and local 
community (Figure 6.10). 
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Figure 6.10 Conceptual Model of RPM 
 
Starting 
Point 
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As discussed in Chapter 4, the source term describes the origin of the impact such as the disposal 
of waste water from the mine. The pathway is the vector by which the impact reaches the receiving 
receptor (e.g. leaks or spills to natural waters, deposition of heavy metals from air). This 
ultimately leads to effects on aquatic flora and fauna as well as species at trophic levels higher up 
the food chain, especially, these which are unable to tolerate the increased heavy metal 
concentrations including humans.  
6.3.2 Hazard Identification  
In order to focus on the risks from mining chemicals, two of the basic structural components of 
Hierarchical Holographic Modelling (HHM) were identified. First, the main or „head‟ topics 
were considered. These included the major visions, concepts and perspectives of success in 
dealing with risk. In the case study of the RPM, the following „head‟ topics were identified based 
on the current operational structure at the mine (Figure 6.11): 
 The Mine – the excavation phase involving drilling, blasting and crushing the ore; 
gangue and waste water management;  
 The Mill – the concentration plant which involves operations such as grinding, froth 
floatation and dewatering; 
 The Smelter – where concentrates are smelted and converted; 
 The Refinery – where both base metal and precious metal are refined; 
 The Auxiliary Plant – including all the plants dealing with operations other than metal 
processing, smelting and refining such as offices, laboratories, sewage treatment works, 
industrial waste management and power plant. 
The five „head‟ topics provide an adequate starting point for identifying a wide array of possible 
significant risk scenarios, although they do not represent a comprehensive model of risk for the 
RPM operations. 
 
Secondly, the subtopics (or subsystems), which provide a more detailed classification of 
operations were developed. Each subtopic corresponds to a class of risk scenarios, that impact on 
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that operation. Each class of operation was also considered as a „source of risk‟. In the RPM, the 
system decomposition was done logically following the specific processing of minerals at each 
operational plant. A master list of the RPM operations in relation to the potential receptors that 
could be affected is given in Figure 6.11:  
 
Mine Mill Smelter Refinery Phases Receptor
Exploration Soil
WaterProspecting
Occupational
Health
Development Air
Ecology
Community
Health
Reclamation
Exploitation
Auxiliary/
Other Plants
Drill
Blast
Load
Preliminary
Crushing
Crushing
& Grinding
Froth
Flotation
Dewatering
Concentrate
Transportation
Ore
Transportation
Waste Rock
Disposal
Tailing 
Management
Tailing& Waste 
Management
Acid Plant
Dry
Slag 
Management
Electric 
Furnace
Slag Recovery
Furnace
Slag Mill
& Flotation
Converter
Precious
Metal Refinery
Office &
Laboratory
Power
Plant
Sewage
Treatment
Water
Recycle Facility
RPMCD
Base Metal
Refinery
Waste Water
Management
Metal
Transportation
A B C D E F G
1
2
3
4
5
6
7
Matt
Transportation
8
Solid Waste
Management
Waste Water
Management
Solid Waste
Management
Maintenance
Shop
Figure 6.11 Master List - HHM framework for Mining Chemical Risk Identification (each 
subtopic could be identified by its X and Y coordinates e.g. Drill is A1, Converter is C6, etc) 
 
Using hierarchical analysis, the mining operations were then separated into phases. For example, 
mine operations according to Hartman and Mutmansky (2002), Figure 6.11, F1 to F5 involve: 
 Prospecting (mineral deposit), search for ore (1-3 yr), 
 Exploration (ore body) and site evaluation to define extent and value of ore (2-5 yr), 
 Development construction to open up ore deposit for production (2-5 yr), 
 Exploitation, large-scale production of ore (10 – 30 yr), 
 Reclamation and restoration of site (1- 10 yr). 
These were listed as subtopics under a new head topic „Phases‟. Because of the scale and data 
Y 
X 
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availability for this study, the current as well as the most important „Exploitation‟ phase was used 
as an example to reflect a part of the mine life cycle risk assessment and inform and assist 
strategy and decision making under current mine conditions. Therefore, the sources of risks 
identified in this study were all under the „Exploitation‟ phase (F4 in Figure 6.11) of the mining 
operation. 
 
Finally, the different receptors were grouped under the head topic „Receptor‟ (Figure 6.11). In the 
first part of the risk assessment, water, soil and air were viewed as receptors in order to simplify 
risk identification. Their functions as exposure media are considered later in Step 3 (section 
6.3.3). 
 
During modelling of large-scale and complex systems, more than one mathematical or 
conceptual model is likely to emerge. Each model may focus on a specific aspect of the system, 
yet all may be regarded as acceptable representations of the system. Consequently, decomposing 
a system often presents a dilemma over the choice of subsystems (Haimes, 1998). The 
phenomenon of overlapping decomposition can complicate hierarchical analysis. Although it can 
also provide an improved understanding of the synergies in the overall system and its different 
sources of risk and uncertainty. A representation of three of the overlapping subsystems at the 
RPM is shown in Figure 6.12 (details are given in APPENDIX D – 3): 
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Figure 6.12 Mine Excavation Impact Sub-model 
 
Each subtopic/subsystem from each head topic was selected and combined to generate a specific 
scenario as a source of risk. In the following text, risk scenario and sources of risk are 
interchangeable. Any environmental and human health risks under such a scenario were 
generated and recorded. For example, Table 6.8 shows all of the risks identified for six different 
receptors namely: water, soil, air, workers, residents and ecosystem associated with „Blasting‟ 
during the mine „Exploitation‟ stage (Figure 6.12). During the next stage, the whole list of 
potential risks from different combinations was filtered. A detailed example demonstrating the 
full process of MGC method is shown in Figure 6.13 and 6.14. 
Table 6.8 Examples of Scenario / Source of Risk Identification 
Factor1 Factor2 Risks 
A2 G1 Increase operational water turbidity, and concentration of ammonia and CO2 
A2 G2 Dust from blasting will reach the surface soil through ventilation  
A2 G3 Increase dust ammonia, CO2 and NO2 in air 
A2 G4 High concentrations of ammonia and dust in air cause risks to mine workers 
A2 G5 Inhalation of mine dust from ventilation 
A2 G5 Vibration, dust smog from the ventilation cause aesthetic destruction  
A2 G6 
Vibration distraction, dust atmospheric deposition on vegetation and elevation of 
heavy metal content in soil 
 
 142 
 
Figure 6.13 Example of using MGC Procedures 
Using Acid Plant (Figure 6.11) as an example, after the decomposition of the RPM operational systems, the 
following potential sources of risk associated with the six different receptors viz, water, soil, air, workers, 
residents and ecosystem were identified (Table A below). 
 
Table A Examples of Scenario / Source of Risk Identification 
Factor1 Factor2 Potential Risks 
C8 G1 Atmospheric deposition of fine particulates as well as associated heavy metals (from point source) 
C8 G1 Atmospheric deposition of fine particulates as well as associated heavy metals (from fugitive) 
C8 G2 Atmospheric deposition of fine particulates as well as associated heavy metals (from point source) 
C8 G2 Atmospheric deposition of fine particulates as well as associated heavy metals (from fugitive) 
C8 G3 CO2, SO2,NOx, particulates, heavy metals (from point source) 
C8 G3 CO2, SO2, NOx, particulates, heavy metals (from fugitive) 
C8 G4 Inhalation of dust, gases and heavy metals 
C8 G5 Inhalation of dust, gases and heavy metals 
C8 G5 Ingestion of heavy metals through food and water contaminated 
C8 G5 Aesthetic distraction 
C8 G6 
Emission of SO2 cause the increase of acidity in soil, water (e.g. acid rain), heavy metal deposition 
on vegetation, soil and water and end up in the food chain 
 
In Step 1-Scenario filtering, sources of risk that are not chemical related should be identified and screened 
out. As a result, only one sources of risk i.e. F4C8G5-Aesthetic distraction is not chemical related risk 
whereas the rest ten risks identified were all chemical related. The ten risk scenarios were passed down 
further to Step 2-Bi-criteria screening (Table B). 
 
Table B Bi-Criteria Filtering and Ranking 
Factor 1 Factor 2 Frequency Magnitude Severity 
C8 G1 5 3 4 
C8 G1 5 3 4 
C8 G2 5 4 4 
C8 G2 5 4 4 
C8 G3 5 4 4 
C8 G3 5 4 4 
C8 G4 5 4 4 
C8 G5 4 4 3 
C8 G5 4 4 3 
C8 G6 5 4 4 
C8 G1 5 3 4 
 
All of the ten potential risks were scored > 2, therefore all entered into the Step 3-Multi-Criteria Analysis 
(Table C) 
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Figure 6.14 (Continuous from Figure 6.13) 
 
A good hazard identification phase makes use of as many tools as possible, to develop as 
complete a list of sources of risks as possible. By using HHM and the different combination of 
overlapping subsystems, a list of 194 potential sources of risk was identified for the mining 
operations (APPENDIX D – 4). Figure 6.15 shows the statistical summary of 194 sources of risk 
Table C Multi-Criteria Analysis 
Criteria 
C8 C8 C8 C8 C8 
G1 G1 G2 G2 G3 
Chemical source composition high (10) medium (5) medium (5) medium (5) high (10) 
Chemical source volume medium (5) low (1) medium (5) low (1) high (10) 
Chemical 
bioavailability/bioaccessbility 
medium to 
high (8) 
medium (5) 
medium to 
high (8) 
medium (5) 
medium to 
high (8) 
Media chemical concentration low (1) low (1) low (1) low (1) high (10) 
Persistence of media chemical high (10) high (10) high (10) high (10) medium (5) 
Undetectability low (1) medium (5) low (1) medium (5) low (1) 
Uncontrollability low (1) medium (5) low (1) medium (5) low (1) 
Duration of effect 
medium to 
high (8) 
medium (5) medium (5) medium (5) high (10) 
Cascading effects medium (5) low (1) low (1) low (1) low (1) 
Irreversibility medium (5) low (1) low (1) low (1) low (1) 
Total Score 54 39 38 39 57 
 
Criteria 
C8 C8 C8 C8 C8 
G3 G4 G5 G5 G6 
Chemical source composition hgih (10) high (10) high (10) high (10) high (10) 
Chemical source volume low (1) low (1) medium (5) low (1) 
medium to 
high (8) 
Chemical 
bioavailability/bioaccessbility 
medium (5) 
medium to 
high (8) 
medium to 
high (8) 
medium to 
high (8) 
medium (5) 
Media chemical concentration medium (5) high (10) high (10) low (1) medium (5) 
Persistence of media chemical medium (5) high (10) high (10) high (10) 
medium to 
high (8) 
Undetectability medium (5) medium (5) medium (5) medium (5) medium (5) 
Uncontrollability medium (5) medium (5) medium (5) low (1) medium (5) 
Duration of effect high (10) high (10) high (10) high (10) high (10) 
Cascading effects medium (5) low (1) low (1) low (1) medium (5) 
Irreversibility low (1) medium (5) medium (5) medium (5) medium (5) 
Total Score 52 65 69 52 66 
„Media chemical concentration‟ was given a weight of 2 whereas the rest of criteria were all equally weighted 
(1). The final score for each potential source of risk could be calculated by summing up the scores against 10 
criteria in the column with weight applied accordingly.  
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and indicates that the smelter (C) and the auxiliary/other plants (E) on the mining site correspond 
to the highest number of potential risks identified compared to the rest of operational units 
(especially C2 Electric Furnace, C4 Slag Recovery Furnace, C6 Convertor ACP, C8 Acid Plant 
and E2 Power Plant). 
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Figure 6.15 Matches of the Holographic Model with the Master List of Sources of Risk 
(where 1‟s in the legend identifies the domains A1, B1, C1, D1 and E1, given in Figure 6.11. For example, A1 
represents Drill, B1 represents Crushing and Grinding etc.) 
6.3.3 Hazard Assessment 
Step 1. Scenario Filtering Based on Scope, Temporal Domain and Levels of Decision 
Making.  
Because of the objectives and scope of this study, any risks unrelated to mining chemicals were 
excluded. The number of sources of risk was therefore reduced to 166. Nevertheless, after the 
first step of the filtering process, all the risks remaining on the list were within the boundary of 
the study and were fed into the next stage of the bi-criteria filtering process (Figure 6.9). 
 
Step 2. Bi-criteria Filtering and Ranking Using the Ordinal Version of the U.S. Air Force 
Risk Matrix.  
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In this case study, levels of potential severity (significance) of 166 sources of risk were 
quantified based on several different sources of evidence (Figure 6.16). Since the RPM is an 
active mine, most evidence was obtained by interviewing relevant personnel during the site visit 
and by using historical operational records. Other evidence used to assigning values was based 
on engineering design
13
, professional experience
14
, statistical data
15
 and „common sense‟. 
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Figure 6.16 Number of Risks and Their Severity from the Five Major Operations 
 
All sources of risk with severity levels of 1 (low) or 2 (moderate) were screened out reducing the 
number of sources of risk from 166 to 119 after the bi-criteria filtering. The remaining list was 
then re-analysed in relation to 6 receptors and 5 modes of operations (Figure 6.17). Those falling 
in the low and moderate severity boxes were then filtered out and set aside for consideration 
later. 
 
Smelter and auxiliary plants present the highest number of risks likely to impact on water and 
soil (Figure 6.17). The severity of the impact of the smelter on air quality and the consequence 
                                                        
13 Engineering design refers to descriptions of specific properties of facilities on site, such as whether a tailing dam is lined, or 
the known life-span of the dam. 
14 Professional experience refers to the estimation of potential impacts on the environment and human health based on an 
understanding of hazardous properties of the contaminants of concern. For example, on the basis of the chemistry of waste water 
in the tailing dam, reasonable estimations on the severity of the impact if the dam leaks can be generated.  
15 Statistical data refers to the selection and fitting of probability density function (PDF) based on historical operational data. For 
example, the recorded number of discharges of storm water with reference to seasonal rainfall data.  
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effects on the other five receptors is shown to be more significant than the other operations. The 
smelter contributes 35% to the total number of risks (41 out of 119). In terms of community 
health, the number of risks from smelters alone is almost the sum of all of the other operations 
combined (8 out of 17 in total). Moreover, after the bi-criteria filtering the levels of significance 
of sources of risk are magnified from the original master sources of risk list Figure 6. 15. 
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Figure 6.17 Distributions of Risks from Major Operations over Six Receptors 
 
Nevertheless, in terms of the potential severity of scenarios, „extremely high‟ risks accounts for 
over 50% of all impacts on water, soil and air whereas the highest level of potential severity are 
on air. Moreover, taking into account both the proportion of „extremely high‟ risk (Figure 6.18) 
and total numbers of sources of risk from smelter operations (Figure 6.17), it is clear that the 
smelter‟s potential impacts on human health and environment need to be analysed further. This is 
achieved in the next step of the risk filtering process – Multi-criteria Analysis. 
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Figure 6.18 Compositions of Levels of Potential Severity of Risks among Six Receptors 
 
Step 3. Multi-criteria Analysis 
In step 3, each risk scenario‟s actual properties were considered as well as the ability to defeat 
three defensive properties of the underlying system namely, resilience, robustness and 
redundancy (Haimes et al., 1997). To achieve this, ten criteria were selected (Table 6.9). These 
criteria reflected the level of potential exposure or contamination (criteria 1 – 5) as well as the 
ability to defeat the defensive properties (criteria 6 – 10). Because of the significant differences 
in the risk assessment of organic and inorganic chemicals (explained in Chapter 2, section 2.2.4), 
the PBT (persistence, bioaccumulation and toxicity) properties which are generally applied in 
conventional organic chemicals risk assessment were amended in order to assess the inorganic 
compounds. As a result, criteria 1 – 5 were aimed at assessing the chemical‟s bioavailability, 
toxicity, potential exposure volume and persistence in the exposure media. 
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Table 6.9 Ten Criteria for Examining Risk Scenarios 
 Criterion Description 
1 Chemical source composition 
Refers to the content of the source material whose toxicities are 
crucial to assess the potential risk to the receptors. 
2 Chemical source volume Refers to the quantity of the source material, e.g. m³, litre, etc 
3 
Chemical 
bioavailability/bioaccessbility 
Refers to the bioavailable proportion of the source material 
(bioaccessibility refers to the chemical proportion that is uptakable 
by human gastrial system. 
4 Media chemical concentration 
Refers to the proportion of chemicals that is (likely to) exposed to 
the (potential) receptor. This could be the concentration of harmful 
substances in the exposure media, namely river water, sediments, 
air and soil. 
5 Persistence of media chemical indicates the stability of chemical substance in the transport media 
6 Undetectability 
Refers to the absence of modes by which the initial events of a risk 
can be discovered before harm occurs. 
7 Uncontrollability 
Refers to the absence of control modes that makes it possible to 
take action or make an adjustment to prevent harm 
8 Duration of effect 
Indicates an impact that would have a long duration of adverse 
consequence 
9 Cascading effects 
Refers to a scenario where the effects of an adverse condition 
readily propagate to other systems or subsystems 
10 Irreversibility 
Indicates a scenario in which the adverse condition cannot be 
returned to the initial, operational (pre-event) condition. 
 
 
As a further aid at this stage of the process, „High‟, „Medium‟ or „Low‟ levels of significance 
were defined against each criterion as references for scoring. In addition to this, numeric ratings 
(0 – 10) associated with levels of significance (Not applicable, Low to High) were used to finally 
quantify and prioritise the sources of risks (Table 6.10). 
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Table 6.10 Rating and Weighting Risk Scenarios in Step 3 against the 10 Criteria 
Criterion Weight High (10) Medium (5) Low (1) 
Not 
Applicable (0) 
Chemical source 
composition 
1 
with Cd, CN, As, 
Pb, Hg and Tl 
with Cu, Zn, Ni, Mn, 
Fe, sulphate, nitrate, 
nitrite and ammonia 
without those 
chemicals indicate in 
High and Medium 
Not applicable 
Chemical source 
volume 
1 
>1000 tonnes or > 
1000 m³ 
> 10 t < 1000 t, >10 < 
1000 m³ 
<10 t, < 10 m³ Not applicable 
Chemical 
bioavailability 
/bioaccessbility 
1 
mostly exchangable 
and carbonate  
mix of low and high 
fractions 
Sulphides or bounded 
to organic colloidal/ 
Fe, Mn hydroxide. 
Not applicable 
Media chemical 
concentration 
2 
mostly over 
legislated guideline 
values 
generally below 
guideline values with 
few hot spot 
all below Not applicable 
Persistence of 
media chemical 
1 
chemicals will stay 
as it was for quite a 
long period of time 
e.g. in years 
there is natural 
reduction going on 
but slow e.g in 
months 
chemical will be 
leached out of the 
system very fast (in 
days) 
Not applicable 
Undetectability 1 
Unknown or 
undetectable 
Late detection Early detection Not applicable 
Uncontrollability 1 
Unknown or 
uncontrollable 
Imperfect control Easily controlled Not applicable 
Duration of 
effect 
1 
Unknown or long 
duration 
Medium duration short duration Not applicable 
Cascading 
effects 
1 
Unknown or many 
cascading effects 
Few cascading 
effects 
No cascading effects Not applicable 
Irreversibility 1 
Unknown or no 
reversibility 
Partial reversibility Reversible Not applicable 
 
Each of the 119 sources of risk was assigned a score against each criterion (Table 6.10). In order 
to reflect risk priority as well as distinguishing extremely high risks from high risks, a weight (x 
2) was added on the criterion – „media chemical concentration‟. The weight represents the 
urgency of dealing with (or preventing) that particular scenario /source of risks; therefore the 
final score of each source of risk ranges from 0 to 110. The final scores were subsequently 
divided into three categories in this study: High risk (>=70, within which, any scenario scores 
higher than or equal to 80 were considered to be extremely high risk), moderate risk (>=40 but 
<70) and low risk (<40). Twenty five high risks were identified. The distribution of high risks is 
listed in Table 6.11 and shown in Figure 6.19. Six out of the twenty five were extremely high 
risks (>=80), which indicate that immediate action should be considered (Table 6.12).  
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Table 6.11 Final Scores of Six Receptors 
Receptor Risk level No. of risks 
No. of high 
risks 
Water 59.9 29 7 
Soil 50.9 23 0 
Air 56.1 21 4 
Occupational health 52.4 16 4 
Community health 59.3 17 5 
Ecology 66.4 13 5 
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Figure 6.19 Levels of Risks among Six Receptors 
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Table 6.12 Extremely High Risks (risk score >=80) 
Sub-system 
Exposure 
Pathway 
Score 
Scenario description 
Electric 
furnace 
Air 88 
Emission of SO2 causes the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil 
and water and end up in the food chain 
Slag recovery 
furnace 
Air 86 
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil 
and water and end up in the food chain 
ACP Air 86 
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil 
and water and end up in the food chain 
Tailing 
management 
Groundwater 83 
Leaks and spills from tailing pond infiltrates into the 
groundwater system 
Electric 
furnace 
Air 84 
Inhalation of dust, gases and heavy metals by the formal or 
informal settlement residents living around the smelter 
Power plant Air 80 
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil 
and water and end up in the food chain 
 
In the first part of the risk assessment, water, soil and air were viewed as receptors only for 
simplicity, although they are also the crucial environmental and human health exposure pathways. 
The risks associated with workers (Occupational health), communities (Community health) and 
ecosystem (Ecology) have been re-classified according to their routes of exposure (e.g. 
inhalation of gases/aerosols, ingestion of food, water, soil or dermal contact). Consequently, the 
sources of risks were regrouped in relation to just four pathways, namely: surface water, ground 
water, soil and air (Figure 6.20).  
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Figure 6.20 Levels of Risk in Four Exposure Media 
 
6.4. Risk Evaluation 
6.4.1 Summary of Data Collected 
Based on the data collected from previous studies and site-specific monitoring, the following 
important issues are summarised for further risk evaluation: 
Air 
Ground level heavy metal concentrations in PM10 were estimated using the emission rates 
monitored at the four main point sources and two fugitive sources based on the results of a 
simulation study by APP in 2004. This showed the exceedances of As, Cd, Ni and Pb threshold 
levels at the smelter boundary. The study concluded that the fugitive emissions on site were the 
dominant contributors to the predicted off site ground level concentrations. The main stack and 
new acid plant stack at the Waterval smelter were also considered to be significant contributors 
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to the total emissions (APP, 2004). 
Groundwater 
According to SRK Consulting (2005), although the RPM does not have specific compliance 
points for ground water, routine monitoring data showed elevated levels of Cd, Cu, Co, Ni, Pb, 
Se and hydrocarbons at Klipfontein catchment where most of the RPM‟s operational units are 
located. Because most tailing dams do not have liners, some leakages to surface waters are most 
likely to be via groundwater. 
Surface water and Sediment 
Limited parameters were routinely monitored in surface water at the RPM lease area in 
compliance with the DWAF‟s permit, therefore the levels of most heavy metals are unknown. 
The Klipfonteinspruit is one of the streams of the highest concerns because it has been diverted 
in the vicinity of the ACP, Waterval Smelter, RBMR and PMR. Moreover, the study carried out 
by SRK Consulting (2005) found that the most of the monitoring points that exceeded the permit 
levels were in lower Klipfonteinspruit. Because most of the streams are ephemeral, stream 
sediment may be deposited during flooding or blown around in dry seasons, so they pose a 
potential risk in the contamination of soils and vegetation.  
Soil 
According to Environmental Services Africa (2000a), at the RBMR, Hg concentrations in 
near-surface and sub-surface soils tend to be well below 0.2 mg/kg whereas Se concentrations in 
the near surface and sub-surface were generally above 2 mg/kg. The study suggested that 
particulate emissions were not the only potential sources of Hg and Se. Products such as caustic 
used in the RBMR process possibly contained significant levels of these elements. 
 
The study carried out by SRK Consulting (2003) found that waste rock in the dumps at 
Turfontein, Bleskop, Townlands, Boschfontein and Paardekraal shafts have low sulphur contents 
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and were therefore classified as non-acid forming. The sludge collected at both the Townlands 
and Turfontein shafts contains relatively high sulphur concentrations (greater than 0.4%), which 
contributes to the acid generating potential as the sulphur oxidises. In addition, some heavy 
metals such as Cu, Ni, Pb and Zn are relatively high in those waste dumps (SRK Consulting, 
2003). 
6.4.2 Risk Evaluation using MGC 
Based on the available data and understanding of the RPM operations, the MGC procedures have 
successfully prioritised the potential risks according to their routes of exposure. The exceedances 
of heavy metals (such as Cu, Ni, Pb and Zn in waste rock dumps, Se in soil and As, Cd, Ni and 
Pb in ambient air) identified from the previous studies were taken into account during risk 
evaluation. The visualisation of levels of risks associated with receptors and exposure pathways 
using spider diagrams gives a clear prioritisation of actions to be taken in the further risk 
reduction and management. Figure 6.20 shows that most of the potential human health and 
environmental risks are associated with the Air and Groundwater pathways. The potential risks 
associated with air, water (especially groundwater), sediments and ecosystems are discussed in 
the following text. 
 
Air:  
Five out of six extremely high risks are via air (Table 6.12). Air also presents the greatest 
number of risks and potential high risks to workers and people who live in the informal 
settlements around the RPM operations (Figure 6.20). The level of risk for air ranks second 
amongst the four pathways. The greatest concern is about the fugitive emissions from the furnace 
building and ACP and the main stack of the Waterval smelter consistent with the findings of the 
study carried out by APP (2004). The source-pathway-receptor model for risks posed by the 
smelter is developed and showed in Figure 6.21. In the model, chemical substances are 
 155 
transported in different forms via different mechanisms. In general, the transport mechanisms 
can be divided into manageable (represented in Red pointed line) and unmanageable 
(represented by Black pointed line). Therefore, any work carried out on the elimination, 
reduction or minimisation of environmental risks should be focused on the red transport 
processes for the greatest possible controllability and benefit. (This also applies to Figure 6.22) 
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Figure 6.21 Source-Pathway-Receptor Model for Smelter Emissions 
 
The smelter emission model above shows all the potential exposure routes involved in 
environmental and human health risk assessment for the Waterval smelter at the RPM. According 
to Schaider et al (2007) however, the smallest respirable particles contain 15-22 times higher 
concentrations of Zn, Pb and Cd than the bulk samples so that these may represent a significant 
risk to the environment and human health. Therefore, inhalation of the respirable particles via air 
or ingestion via household dust and soil pose the highest potential risk to humans and terrestrial 
biota among all the potential exposure routes (indicated by bold blue lines in Figure 6.21). Based 
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on the air quality data available from the RPM, all the ground levels of heavy metals in PM10 
were from simulations, so that large assumptions and uncertainties are involved. Air quality 
monitoring especially heavy metal levels in PM10 at the potential receptor site is recommended 
to rule out this risk. It is also recommended that close monitoring of Ni, Cd, Pb and As from 
stack emissions be continued with action to reduce emissions (especially fugitive emissions) if 
this is shown to be necessary. 
 
Water 
Surface and Ground Waters 
In the RPM region, water as a receptor has the greatest number of potential risks with a relatively 
high average risk score (Figure 6.19). As an exposure pathway, very high scores are also 
identified in groundwater but with relative small numbers of risk (Figure 6.20). The high score 
for groundwater as an exposure pathway is partly due to the difficulties in detecting, remediating 
and controlling emissions to groundwater. Moreover, since the surface water system in 
Rustenburg is ephemeral and most tailing dams do not have liners, some of the leakages to 
surface waters are most likely to be via groundwater. This is another reason for the high rating of 
groundwater rather than surface water. The source-pathway-receptor model for potential risks 
posed by mine tailing dams is shown in Figure 6.22. The red arrows in the model indicate that 
the most effective way of minimising potential risks is by preventing chemicals reaching the 
environmental media (i.e., air, surface water and groundwater). This could be achieved by lining 
and capping of the waste rock dumps and mine tailing dams.  
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Figure 6.22 Source-Pathway-Receptor Model for Mine Tailing Dams 
 
Sediments 
 
Levels of heavy metal concentrations in surface water were rarely monitored. Considering the 
study on waste rock dumps and tailings dams (SRK Consulting, 2003) the concentrations of 
heavy metals in the sediments could be significantly higher for Cd, Zn, Pb and Cu as they can be 
complexed on Fe-Mn hydroxides and humic/organic material in the fine size fraction of stream 
sediments in the typical pH/Eh conditions of surface stream water. High levels of heavy metals 
in the stream sediments could then be deposited on pasture during flooding events or exposed to 
air during dry seasons leading to the contamination of soils and grasses which are used for cattle 
grazing or arable farming. 
Ecosystems 
Risk levels for the ecosystem at RPM might be overestimated since they are treated as the most 
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sensitive and vulnerable receptor. The limited biological monitoring data available resulted in the 
subjective ranking of ecological risks. The statistics demonstrated that most of the risks on the 
ecosystems have high ratings among which, four (from stacks and fugitive emissions) are 
„extremely high‟. After regrouping the risks under „Ecology‟ according to their exposure 
pathways, the „extremely high‟ risks are assigned to Air. This also reflects the close relationship 
between the well being of ecosystems and atmospheric emissions as well as the need of further 
monitoring concerning the smelter emissions.  
 
6.5 Conclusions and Recommendations 
Based on the previous risk evaluation using data collected and results from MGC, the following 
conclusions can be drawn: 
 Air represents the highest potential risk to workers and people who live in the informal 
settlements around the RPM operations. The greatest concern is about the fugitive 
emissions from the furnace building and ACP and the main stack of the Waterval smelter. 
 The surface water system in Rustenburg is ephemeral and most tailing dams do not have 
liners, therefore leakages to surface waters are most likely to be via groundwater. 
 Levels of Cd, Cu, Pb and Zn in sediments could be significantly enriched as they can be 
complexed with Fe-Mn hydroxides and humic/organic materials in the fine size fraction of 
stream sediments in the typical pH/Eh conditions of surface stream water on the RPM site. 
High levels of heavy metals in the sediments could then be deposited on pasture during 
flooding events or exposed to air during dry seasons leading to the contamination of soils 
and vegetations which are used for cattle grazing or arable farming. 
Consequently, some key recommendations for the RPM include: 
 Action to control emissions from the smelters. Especially if the fugitive sources are 
confirmed as presently greater risks than point sources.  
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 The existing monitoring programme for heavy metals of surface and groundwater systems in 
the Klipfontein, Klipgat, Paardekraal and Hex River catchments needs to be extended. 
Immediate action is recommended if elevated levels of heavy metals such as Ni, Cu, Cd, and 
Se are found. 
 Implementation of a regular stream sediment sampling and monitoring programme to better 
define the potential risks from surface water. 
 Bioavailability/bioaccessibility is crucial in estimating potential risks from inorganic 
chemicals to both human health and environment under the mining conditions. Collection 
and use of site-specific metal speciation data (using sequential extraction methods) could 
significantly improve the reliability and accuracy of the risk assessment. Metal speciation 
models such as PHREEQ could also be employed. The cost-effectiveness of metal speciation 
data collection needs to be further evaluated. 
 It is important to involve stakeholders in the RPM in risk assessment, especially in revising 
and validating the process and results.  
 Finally, in the risk management systems, hazard identification continues throughout the life 
of a product or project. Hazards encountered by assessors/users, for instance, may not have 
been anticipated by developers or project managers. New hazards should be added to the 
register as they arise and corrective management actions taken to reduce risks. Moreover, 
different hazards need to be considered during different phases of the mining processes, this 
ideally should be iterative (e.g. development during exploitation) including performance 
monitoring and redesign. The hazards (to human health, social ecological) associated with 
each phase of mining are best treated separately. 
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CHAPTER 7  CASE STUDY II – THE LISHEEN MINE, IRELAND 
7.1 Introduction 
The Lisheen Mine is situated in county Tipperary in the heart of the Irish Midlands between the 
villages of Moyne and Templetuothy; the property extends over 463 hectares (Figure 7.1). The ore 
bodies is a typical Irish Pb-Zn deposit which comprise mainly sphalerite, galena and pyrite. The 
ore reserves are estimated to be 22.5 million tonnes containing 13.02% Zn and 2.19% Pb (The 
Lisheen Mine, 2007). The mine is currently one of the largest producers of Zn concentrate in 
Europe.  
 
Figure 7.1 Aerial View of Lisheen, Ireland (The Lisheen Mine, 2007) 
 
7.1.1 History of Operation 
Construction of the mine began in September of 1997 with the first ore brought to the surface and 
the first concentrates of Pb and Zn produced in September 1999 and October 1999 respectively. 
Various improvements have taken place over the years, in October of 2004 a paste-fill plant was 
commissioned and by September, 1 million tonnes of paste was placed underground. The mine is 
capable of mining and treating 1.5 million tonnes of ore a year from which it produces 300,000 
tonnes of Zn in concentrate per year over the life of the mine. By May 2006 over 2 million tonnes 
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of concentrate had been shipped from the port of Cork. The life of the Lisheen mine is presently 
considered to be 14 years though exploration is ongoing to extend that further into the future. 
7.1.2 Activities at the Lisheen Mine 
The main activities at the Lisheen mine consist of (1) Large-scale mining of ore, (2) Ore 
processing, (3) Mine waste treatment and disposal. 
 
1). Ore Extraction 
The main mining methods employed underground at Lisheen include Room-and-Pillar and 
Drift-and-Fill, with blast hole stoping in areas of thicker layers. Mining operations are scheduled 
on a 2 shifts per day basis for 6 days a week. Mine access is via a 1.5 kilometre decline, 6.3 metres 
wide by 5 metres high. Underground drilling rigs bore holes in the ore face, which are charged 
with explosives and fired. The broken ore is removed by large Load Haul Dump (LHD) machines 
and loaded into trucks that transport the ore for crushing. The ore is first emptied onto 'grizzly' bars 
which prevent oversized material from entering the crushing chamber before being fed into the 
crusher which is also underground. 
 
2). Ore Processing 
The mineral processing facility at Lisheen operates 24 hours a day, seven days a week, 365 days a 
year, with a feed rate of 4,500- 5000 tonnes of ore per working day. A diagram of the ore 
processing procedure is shown in Figure 7.2. 
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Figure 7.2 Ore Processing Flow Chart (The Lisheen Mine, 2007) 
 
 
The first stage of processing is comminution, grinding using semi-autogenous grinding (SAG)
16
 
mill and Ball mill
17
, which reduces the size of the rock fragments to separate the valuable zinc- and 
lead-containing minerals contained in the ore from the barren host rock. The second stage of 
processing is sequential flotation. Both Pb and Zn circuits have roughers, column cleaners and 
cleaner scavengers, and the Zn has an additional cleaning stage. Slurry first passes through the Pb 
rougher where, following by the addition of specific reagents (Table 7.1), the Pb content is 
separated from the rest of the slurry. The Pb tailings are then passed into the Zn flotation circuit 
where different reagents are added (Table 7.1). After roughing, the Zn concentrates undergo 
                                                        
16 The SAG mill is a rotating cylindrical vessel containing 8-12% 125mm diameter steel balls, in which the particle size of the 
ore is reduced. Substantially oversize discharge is passed through the trommel screen mechanism and conveyed back into the 
SAG mill for further grinding. Intermediate sized pebbles are sent via conveyor to a rotary pebble crusher and recycled back to 
the SAG mill. Ground material and water (slurry) is directed out of the mill into the mill discharge sump below, which also 
accepts material from the ball mill. 
17 This ball mill contains approximately 40% steel balls of ~50mm in diameter, and is slightly longer and thinner than the SAG 
mill. The ball mill operates in closed-circuit with a cluster of cyclones above it. The cyclones are fed from the mill discharge 
sump. The course overflow materials from the cyclones are directed back to the ball mill for further grinding, while the finer 
overflow is sent to the flotation section. 
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further regrinding, to release fine locked particles of sphalerite (Zn-containing mineral) before the 
production of the final concentrate in the columns.  
 
The Pb flotation circuit upgrades the concentrate to 64% Pb, while the Zn flotation circuit 
produces a concentrate of 54.5 - 55% Zn. After flotation, the Zn concentrate may undergo an acid 
leach process to reduce Mg levels in the concentrate if necessary. 
 
The final stage of ore processing is dewatering which consists of a process known as thickening 
and respective filtration. Horizontal pressure filters are used to reduce the moisture content of the 
concentrates to approximately 6% for Pb concentrate and 8% for Zn concentrate. This filtered 
concentrate is then trucked to Cork for shipment to various refineries overseas. 
 
Table 7.1 Chemicals Added during Pb and Zn Ore Processing 
Name of 
Reagent 
Dosage g/t Type Use Composition Purity Form 
Zinc 
Sulphate 
152 Depressor 
Depressing Zn Sulphide 
during Pb sulphide float 
ZnSO4.H2O 99.5% Solid 
Sodium 
Isopropyl 
Xanthate 
28 Collector Collector in Pb float - > 90% Solid 
Danafloat 
067 
79 Collector Collector in Pb float 
Active ingredient is 
Cresyi-dithiophosp
horic acid-NH4 
Active 
ingredient 
49-51% 
w/w 
Liquid 
Methyl 
Isobutyl 
Carbinol 
9 Frother 
Frother (stabilise 
bubbles) 
- - Liquid 
Copper 
Sulphate 
955 Activator 
Activating Zn sulphide 
in Zn float 
CuSO4.5H2O 97% Solid 
Potassium 
Amyl 
Xanthate 
166 Collector Collector in Zn float - - Solid 
Lime 1256 
pH 
modifier 
pH modifier in Zn float CaO - Solid 
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3). Waste Treatment and Disposal 
There are two main types of waste generated by the Lisheen operations, viz tailings and waste 
water. Ore processing is estimated to generate about 13.5 Mt of tailings, of which approximately 
50% is used as mine backfill (Dillon et al., 2004). The remaining tailings, around 6.6 Mt are 
disposed of in the Tailing Management Facility (TMF) at a rate of approximately 
260,000m
3
/annum. The tailings are rich in sulphides (especially Fe) and are therefore acid 
generating when exposed to air. The TMF is fully lined to prevent impact on natural or human 
habitats, during and after the operating period of the mine. The TMF is designed and constructed to 
keep the tailing submerged under a minimum of 1m of water.  
 
Dirty water from the underground mine is treated in a mine water treatment plant (MWTP). The 
sources of the dirty mine water consist of: 
 Groundwater contaminated by mining; 
 Water collected in the workshop and road at the mine site from infiltration and machine 
washing; 
 Water used for dust suppression during crushing; 
 Water used for cooling drilling machines; 
 
Water is reclaimed from the TMF and treated in the reclaim water treatment plant (RWTP) and 
MWTP for re-use in the concentrator as process water. The treated mine water is then mixed with 
clean groundwater before being discharged into the Drish and Rossestown rivers. The schematic 
chart of the water treatment cycle at Lisheen is shown in Figure 7.3. 
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Figure 7.3 Flow Chart of Water Treatment and Recycle in the Lisheen (MWTP: mine water 
treatment plant; RWTP: re-claim water treatment plant; STP: sewage treatment plant; TMF: tailings 
management facility; MLD: million litre per day) 
 
Dirty mine water and clean ground water are collected and pumped out separately from the 
underground mine. Around 21 MLD of dirty mine water and 9 MLD of waste water from TMF are 
treated in the MWTP. A holding pond and a conditioning pond are used to mix clean groundwater 
(around 40.2MLD) with effluent from MWTP and to settle out the suspended solids out before 
discharging. Together with effluent from sewage treatment plant (STP), in total, around 62 MLD 
of clean water is discharged into the two small local rivers - the Drish and Rossestown. 
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7.2 Background Data Collection  
7.2.1 Site Characteristics 
Some of the important characteristics of the Lisheen site include the following: 
 Climate: The highest temperatures are during the summer-autumn months between July 
and August (Figure 7.4) while the highest average rainfall levels are mainly in the autumn-winter 
period between September and December (Figure 7.5).  
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Figure 7.4 Mean Daily Air Temperature Trend (recorded at M3 weather station, Lisheen mine, 
2006) 
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Figure 7.5 Monthly Rainfall (recorded at the environmental centre, Lisheen Mine, 2006) 
 
 Geological setting: the bedrock comprises Caboniferous Waulsortian limestone (30–80 m 
thick) overlying argillaceous bioclastic limestone of the Ballysteen limestone formation. The 
upper section of the host Waulsortian limestone is dolomitised. The mine is adjacent to bog land. 
 Vegetation: Most of the land around the Lisheen mine is used for horticultural, crops, and 
livestock as well as peat production.  
 Peat: The peat thickness across the site varies from <1 m to approximately 5.5 m (some 
areas with up to 9.0 m of peat). The properties of the peat are generally non-plastic and high 
moisture content (800–1200%). 
 Population: There are approximately 500 people living within 5km of the Lisheen Mine. 
7.2.2 Water  
Groundwater 
Groundwater levels around the mine were generally within a metre of the top of peat at the time the 
field investigations were carried out. If the effects of dewatering the orebody are taken into 
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account the predicted long term draw down of groundwater in the area could be of the order of 
5–10 m, with the zone of influence extending about 5 km from the mine workings (Dillon et al., 
2004). Monitoring wells have been installed to measure the extent of the projected drawdown of 
groundwater around the facility. Monitoring data to date have shown a general downwards trend in 
groundwater levels. Following closure of the mine, groundwater levels are expected to recharge to 
within 1 m of the ground surface. Because the Mine occurs in limestone terrain and is adjacent to 
bog, water has been a significant challenge in the design, construction and operation of the Lisheen 
Mine. In the interests of mine safety, a sound approach to groundwater management had to be 
implemented. Initially, surface de-watering wells were placed at the edge of the mining area. 
Later, a sub-horizontal well field was drilled within the mine, and this remains active.  
 
Surface Water  
The Lisheen mine is in a region of the Irish Midland that is a broad plain drained by the Rossetown 
and Drish Rivers, small tributaries of the Suir River, which flows into the Irish Sea at Waterford. 
Routine water monitoring is carried out following water treatment at Lisheen (Figure 7.3). Only 
As, Fe, Pb, Zn concentrations were monitored during 2006 however. 
 
River water samplings were carried out in January, April and July 2008 to assess the impact of 
discharge water from the Lisheen on the Drish and Rossestwon Rivers. The sampling data for the 
two rivers are shown in Tables 7.2 and 7.3. Concentrations above either the drinking water 
guideline values (DWGVs) or fresh water guideline values (FWGVs) are highlighted in blue and 
red respectively (detail DWGVs and FWGVs, see Table 5.9 in Chapter 5). The changes in the 
levels of some key trace elements are plotted in Figures 7.7 and 7.8. The sampling points are 
presented in sequential order as follows: 
 Drish River: 1) upstream, 2) downstream, 3) 2nd Bridge downstream and 4) 3rd Bridge 
downstream; 
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 Rossestwon River: 1) upstream and 2) downstream. 
 The discharge points are between the first and second sampling points in both rivers.  
 
It is clear that the impact of the Lisheen mine on levels of major and trace elements in both rivers 
is higher during April and July than in January. This may be explained by the variations in 
dilution factors affected by low water flow in dry months (April and July) and high flow in 
January. The „∩‟shape curves from the April and July monitoring data (Figure 7.6) clearly show 
the magnitude of the impact in dry months.  
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Figure 7.6 Drish River Monitoring (each month, four samples are collected from four different parts of 
the Drish River namely: Drish upstream (of the discharge point), downstream, 2
nd
 Bridge downstream and 3
rd
 
Bridge downstream) 
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Figure 7.7 Rossestwon River Monitoring (for each month, two water samples are taken from both 
upstream and downstream of Rossestwon River)
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Table 7.2 Drish River Sampling Data (from the Lisheen Mine, 2008) 
Drish River 
 
    Discharge point 
  Upstream Downstream 2nd bridge Castletown 3rd bridge Boolabeha 
Parameter Units Jan Apr Jul Jan Apr Jul Jan Apr Jul Jan Apr Jul 
Fluoride mg/L F 0.06 0.07 0.083 0.069 0.103 0.131 0.07 0.10 0.144 0.07 0.11 0.148 
Chloride mg/L Cl 15.88 17.67 16.1 16.87 19.85 22.19 17.52 20.19 22.515 17.15 19.85 22.2 
Nitrite mg/L N 0.04 0.03 0.031 0.046 0.052 0.065 0.05 0.08 0.069 0.05 0.05 0.147 
Nitrate mg/L N 4.50 3.45 0.621 3.922 2.41 1.311 4.00 2.52 1.564 3.99 2.70 2.076 
Phosphate mg/L P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Sulphate mg/L SO4 22.41 20.4 15.187 62.48 176.57 309.48 64.01 186.2 311.867 60.00 163.5 314.156 
Lithium mg/L Li 0.001 0.00 0.00 0.004 0.017314 0.02 0.004 0.02 0.024 0.003 0.02 0.0248 
Sodium mg/L Na 7.771 9.3 10.2 8.688 12.1 16.00 8.679 12.4 16.0 8.680 11.8 16.1 
Ammonium mg/L NH4 0.980 0.40 0.49 1.170 1.05 1.72 1.140 0.93 1.51 1.010 0.56 0.59 
Calcium mg/L Ca 76.237 110.2 105.32 83.300 136.1 161.89 84.751 138.3 163.3 86.335 133.4 165.05 
Magnesium mg/L Mg 12.760 19.03 17.59 17.872 26.23 36.50 18.214 26.81 37.1 18.307 26.15 36.32 
Potassium mg/L K 2.969 3.61 2.77 3.819 7.00762 9.95 4.262 7.27 9.9 3.920 6.75 10.03 
pH pH units 6.66 7.12 7.12 6.61 7.35 7.17 6.65 7.33 7.03 6.73 7.03 6.98 
Conductivity uS/cm 496 673 562 578 919 958 584 927 962 594 903 974 
Dissolved Oxygen mg/L O2 8.73 10.30 4.54 8.51 10.25 6.53 8.48 9.60 5.67 8.64 9.60 5.88 
Temperature Deg.C 6.50 7.8 17.4 7.2 9.5 15.20 7.50 10.18 15.3 7.40 10.30 15.5 
BOD mg/L 0.75 0.86  0.90 0.80  0.75 0.97  0.82 1.24  
COD mg/L 91 33 39 82 18 6 82 18 8 81 15 4 
Suspended Solids mg/L 6.60 3.4 16.85 6.60 5.65 8.25 7.45 5.00 1.5 5.10 3.25 2.65 
Aluminum mg/L Al 0.0844 0.0466 0.0227 0.0704 0.0394 0.0292 0.0744 0.0272 0.0092 0.0663 0.0343 <0.001 
Arsenic mg/L As <0.001 0.0028 0.0084 0.0072 0.0159 0.0310 <0.001 0.0140 0.0206 <0.001 0.0147 0.0166 
Barium mg/L Ba 0.0612 0.0819 0.0729 0.0900 0.1755 0.2135 0.0918 0.1705 0.2091 0.0913 0.1777 0.2068 
Cadmium mg/L Cd 0.0021 0.0002 0.0003 0.0021 0.0014 0.0008 0.0012 0.0012 0.0005 0.0018 0.0012 0.0005 
Cobalt mg/L Co 0.0012 0.0002 0.0010 0.0025 0.0130 0.0165 0.0028 0.0125 0.0167 0.0027 0.0100 0.0085 
Chromium mg/L Cr 0.0003 0.0004 <0.001 0.0005 0.0004 0.0001 0.0002 0.0004 0.0003 0.0004 0.0002 0.0001 
Copper mg/L Cu <0.001 0.0012 0.00 <0.001 0.0098 0.0012 <0.001 0.0102 0.0011 0.0003 0.0080 0.0019 
Iron mg/L Fe 0.1932 0.2103 0.1344 0.1850 0.3774 0.3522 0.2006 0.3017 0.1510 0.1822 0.2469 1.1316 
Manganese mg/L Mn 0.0314 0.0600 0.0509 0.0364 0.0901 0.0879 0.0403 0.0893 0.0876 0.0415 0.1060 0.0535 
Nickel mg/L Ni 0.0030 0.0031 <0.001 0.0094 0.0542 0.0559 0.0089 0.0540 0.0566 0.0111 0.0469 0.0545 
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Lead mg/L Pb 0.0275 0.0033 <0.001 0.0250 0.0216 0.0315 0.0322 0.0156 0.0083 0.0309 0.0081 0.0017 
Zinc mg/L Zn 0.0177 <0.001 <0.001 0.0941 0.6337 0.4186 0.1001 0.6388 0.4006 0.1107 0.5959 0.3454 
Mercury mg/L Hg <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 - <0.0004 <0.0004 - <0.0004 <0.0004 
 
Blue: above drinking water guideline values but below fresh water guideline values 
Red: above fresh water guideline values but below drinking water guideline values 
The different colours are used because ranges of guideline values are applied instead of single value 
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Table 7.3 Rossestwon River Sampling Data (from the Lisheen Mine, 2008) 
Rossestown River 
 
    Discharge point 
  Rossestown upstream Rossestwon downstream 
Parameter Units Jan Apr Jul Jan Apr Jul 
Fluoride mg/L F 0.016 0.05 0.065 0.040 0.106 0.132 
Chloride mg/L Cl 10.726 13.99 13.828 13.182 19.707 21.57 
Nitrite mg/L N 0.009 0.03 0.104 0.034 0.081 0.064 
Nitrate mg/L N 1.626 1.50 2.287 1.671 1.638 1.6 
Phosphate mg/L P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Sulphate mg/L SO4 9.342 11.3 1.494 64.000 228.187 291.80 
Lithium mg/L Li 0.000 0.004 0.002 0.005 0.022 0.02 
Sodium mg/L Na 5.762 8.1 9.04 7.912 12.707 15.83 
Ammonium mg/L NH4 1.450 1.63 1.57 1.560 1.530 1.73 
Calcium mg/L Ca 32.568 82.4 94.98 56.438 138.350 159.74 
Magnesium mg/L Mg 5.638 10.93 11.43 15.171 28.477 36.42 
Potassium mg/L K 0.690 1.40 1.38 2.898 7.542 9.56 
pH pH units 6.31 7.30 6.97 6.530 7.450 7.07 
Conductivity uS/cm 234 487 473 453.000 952.000 914 
Dissolved Oxygen mg/L O2 8.63 7.50 4.53 8.730 10.300 5.95 
Temperature Deg.C 5.9 9.5 14.9 7.200 9.770 15.1 
BOD mg/L 0.59 1.44 - 0.612 0.722 - 
COD mg/L 100 47 36 83.000 14.000 11 
Suspended Solids mg/L 4.15 1.75 4.65 4.200 5.150 14.75 
Aluminum mg/L Al 0.0513 0.0300 0.0475 0.044 0.035 0.0230 
Arsenic mg/L As 0.0083 0.0132 0.0368 0.012 0.027 0.0344 
Barium mg/L Ba 0.1263 0.2969 0.7137 0.147 0.247 0.2687 
Cadmium mg/L Cd 0.0022 0.0002 0.0004 0.002 0.002 0.0009 
Cobalt mg/L Co 0.0013 0.0001 0.0002 0.003 0.016 0.0150 
Chromium mg/L Cr <0.001 0.0004 0.0001 <0.001 0.000 0.0001 
Copper mg/L Cu <0.001 <0.001 0.0007 <0.001 0.014 0.0018 
Iron mg/L Fe 0.3105 0.5527 1.1316 0.260 0.735 0.5593 
Manganese mg/L Mn 0.0231 0.0618 0.0535 0.031 0.094 0.0883 
Nickel mg/L Ni 0.0022 0.0028 0.0003 0.012 0.072 0.0552 
Lead mg/L Pb 0.0298 0.0011 <0.001 0.029 0.040 0.0369 
Zinc mg/L Zn 0.0186 <0.001 <0.001 0.129 0.877 0.4191 
Mercury mg/L Hg - <0.0004 <0.0004 - <0.0004 <0.0004 
Blue: above drinking water guideline values but below fresh water guideline values 
Red: above fresh water guideline values but below drinking water guideline values 
 
7.2.3 Sediments 
During 2006, flocculates of Fe-Mn hydroxides and organic matter (known as flocs) were found 
near the discharge points of the Drish and Rossestown Rivers. The flocs were then deposited and 
were accumulating in the river bed downstream. Stratification of river sediments and the flocs was 
observed. Samples of flocs were collected and analysed by the Lisheen mine. The results show 
high concentrations of some heavy metals. Although the high levels of heavy metals are relatively 
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immobile while bound onto Fe-Mn hydroxide and organic matter, there is the potential for their 
mobilisation if physical/chemical conditions change such as pH or temperature change in the river. 
Following identification of the problem, immediate action was taken to control discharge of heavy 
metals and both river beds were cleaned by vacuuming all the flocs away. 
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Figure 7.8 Heavy Metal Concentrations in the Flocculation Matters 
 
7.2.4 Soil 
A soil survey of 44 soil samples around the Lisheen mine was carried out in 2006; some of the 
key sampling locations are presented in Figure 7.9. All major and trace elements measured in the 
soil samples were below international soil guideline values (Table 7.4) except for a few high 
values of As levels > 100mg/kg (Figure 7.9).  
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Figure 7.9 The 2006 Lisheen Mine Soil Sampling Points Locations (red dots are some of the key 
sampling points whereas the red rectangles show the hot-spot of As levels) (The Lisheen Mine, 2006) 
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Table 7.4 Soil Sampling Data with Reference to Soil Guideline Values (SGVs) (based on 2006 
data) 
Chemicals Unit Mean Max 
SGVs (mg/kg) 
Residential & Recreational Industrial Ecological 
Ag ppm <0.5 <0.5 - - - 
Al ppm 439974 1704570 77000 990000 - 
As ppm 51.54549 280.109 20-55 55-500 20-55 
B ppm 8.240801 14.61442 - - - 
Ba ppm 723.0254 2165.774 - - - 
Be ppm 1.122683 1.184024 - - - 
Bi ppm <5 <5 - - - 
Ca % 7.055041 32.27026 - - - 
Cd ppm 1.213205 2.56626 1-70 12-1400 3-12 
Co ppm 4.033624 17.41507 100-900 240-1900 50-240 
Cr ppm 11.38117 31.42544 - - - 
Cu ppm 9.167926 24.75507 190-3100 190-41000 60-190 
Fe % 2.280521 9.353738 - - - 
Hg ppm <1 <1 6.7-23 10-480 1-10 
K % 0.054037 0.150595 - - - 
La ppm 8.965759 26.49867 - - - 
Li ppm 4.176345 17.23097 - - - 
Mg % 0.38836 1.59903 - - - 
Mn ppm 982.7367 2354.57 1800 23000 - 
Mo ppm 2.40204 12.39195 200-390 200-10220 40-200 
Na % 0.012203 0.015919 - - - 
Nb ppm <5 <5 - - - 
Ni ppm 13.83661 28.08296 50-1600 210-20000 60-210 
P % 0.085739 0.214598 - - - 
Pb ppm 20.45866 44.19848 300-530 530-1500 300-530 
S % 0.36424 0.915074 - - - 
Sb ppm <5 <5 15-31 15-820 15-20 
Sc ppm 1.558098 4.523691 - - - 
Se ppm 18.98 18.98 35-390 100-8000 100 
Sn ppm <5 <5 - - - 
Sr ppm 68.79892 238.6649 - - - 
Te ppm <5 <5 - - - 
Th ppm <5 <5 - - - 
Ti ppm 45.41193 92.66283 - - - 
Tl ppm 5.241494 9.2888 5.1-15 15-66 15 
U ppm 6.394851 36.03136 - - - 
Zn ppm 56.45733 388.3423 720-23000 720-310000 200-720 
 
7.2.5 Air 
There are six ambient air quality monitoring stations (AASS) and six dust deposition stations 
(DDS) around the Lisheen Mine (Figure 7.10) and samples from these are collected and analysed 
monthly. Annual average values from these stations are presented in Table 7.5 and 7.6. The air 
quality monitoring data show that AASS1 and AASS5 have the highest air particulate and metals 
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concentrations (Figure 7.11). Moreover, Zn and Pb are the most common metals in the 
particulate matter in the Lisheen area especially at AASS1 (Figure 7.12). Detailed air quality 
monitoring data and dust deposition data used are in APPENDIX E - 1. 
 
Figure 7.10 Location of Six Ambient Air Monitoring Stations (AASS) and Six Dust 
Deposition Stations (DDS) in the Lisheen Area (The Lisheen Mine, 2007) 
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Figure 7.11 Ambient Air Particulate Matter (PM) Concentration from Six Monitoring 
Stations (The Lisheen Mine, 2007) 
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Figure 7.12 Ambient Air Metal Concentrations in PMs (The Lisheen Mine, 2007) 
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Table 7.5 Ambient Air Sampling Annual Average Values (The Lisheen Mine, 2007) 
Location Ref. 
Point 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(µg/Nm
3
) (µg/Nm
3
) (µg/Nm
3
) (µg/Nm
3
) (µg/Nm
3
) 
AASS1 25.9 0.125 0.273 0.005 0.001 
AASS2 14.8 0.007 0.062 0.000 0.000 
AASS3 24.9 0.003 0.010 0.000 0.000 
AASS4 18.7 0.000 0.016 0.000 0.000 
AASS5 26.1 0.006 0.107 0.000 0.000 
AASS6 17.0 0.001 0.009 0.000 0.000 
 
Table 7.6 Dust Deposition Sampling Annual Average Values (The Lisheen Mine, 2007) 
Location Ref. 
Point 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (mg/m
2
/day) (mg/m
2
/day) (mg/m
2
/day) (mg/m
2
/day) 
DDS1 51.1 37.5 119 1.333 0.500 
DDS2 59.3 9.25 73.3 0.583 0.083 
DDS3 70.0 8.33 74.4 0.167 0.417 
DDS4 40.5 9.08 65.0 0.833 0.250 
DDS5 145.5 9.92 57.4 0.667 0.167 
DDS6 81.2 5.50 53.3 0.417 0.167 
 
7.3 Data Evaluation 
Two methods of data evaluation developed as part of this site specific study were used in risk 
assessment at the Lisheen, namely: 
 Identification of chemicals of greatest concern, which focuses on the chemicals posing the 
highest potential risk to the environment; 
 Identification of media of greatest concern, to identify the highest potential risk for both 
environmental and human health exposure. 
 
7.3.1 Chemicals of Greatest Concern (CGC) 
A schematic chemical input and output diagram for the Lisheen mine has been developed (Figure 
7.13). Only Zn and Pb concentrates are produced at the Lisheen‟s operations. Any other major or 
trace elements emitted to the environment reflect their presence in the sulphide ore. Since the 
tailings are collected and controlled at the TMF, the release of trace and major elements to the 
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environment is either as dust or waste water discharges. Because of the large number of major and 
trace elements present in the input/output system of the Lisheen operations, a screening and 
prioritisation procedure was used to rank the chemicals based on their concentration, quantity, use 
pattern and eco-toxicity. The chemicals most likely to contribute significantly to risks calculated 
for the exposure scenarios were identified, so that risk assessment could be focused on the 
chemicals of most concern. Risk scores calculated at this stage only represent the risks of the 
chemicals to the environment.  
The Lisheen Mine
Operations
Ore
(1,500,000t/y):
13.02% Zn, 2.19% Pb, 
Al2O3, Cu, Fe, Mn, S, 
Ag, As, Au, Bi, Cd, Cl, 
Co, F, Hg, Mo, Ni, Sb, 
Se, etc
Water
Air
Fuel: 
e.g. diesel and gas
Added Chemicals: 
ZnSO4, CuSO4, Sodium 
Isopropyl Xanthate, 
Potassium Amyl Xanthate, 
lime etc 
Zinc Concentrate
(55% Zn)
Lead Concentrate
(64% Pb)
Water (63.1MLD)
Gas:
CO, CO2, NOx, H2S, 
NH3.
Dust: PM
Backfill & TMF Major and Trace 
elements
Tailing (260,000m3/y)
Figure 7.13 Input/Output of Chemicals at the Lisheen Mine 
 
The key assumptions used in this part of the screening and prioritisation procedure are as 
follows: 
 The substance‟s toxicity classification is the lowest LC50 value from the ECOTOX database. 
 The LC50 data are from aquatic 96 hours tests whereas the NOEC values are from aquatic 60 
days‟ tests. 
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 The eco-toxicity classification is based on the criteria set out in Annex XII of REACH 
(REACH, 2007) and the cut-off values are these used in DYNAMEC, OSPAR (OSPAR 
Commission, 2006). 
 The persistent (P) and bioaccumulative (B) properties of chemical substances are included in 
the procedure but do not directly affect the final scores. In the proposed screening and 
prioritisation procedure used here, the P and B properties are considered only when two 
chemical substances with the same scores are compared in order to rank them.  
 The levels of persistence and bio-accumulation are based on the criteria set out in Annex XII 
of REACH (REACH, 2007) and the cut-off values are those used in DYNAMEC, OSPAR 
(OSPAR Commission, 2006).   
 The soluble breakdown substances are identified using available site specific data and 
literature reviews. The solubility data used are in grams per 100 ml water at 20°C.  
 In the case of naturally occurring substances released by mining, the substance is screened 
out if it is insoluble in water or if the eco-toxicity data are not available in ECOTOX. 
 The quantity of sediment that is likely to be affected is estimated as following:  
o In the case of the Drish river, the calculation is: width of the river (8m) X length 
(2000m) X depth (0.2m) X density (1700kg/m
3
) = 5,440,000kg; 
o In the case of the Rossestown river, the calculation is: width of the river (4m) X 
length (2000m) X depth (0.2m) X density (1700kg/m
3
) = 2,720,000kg; 
o Total quantity of affected river sediments is approx: 8160,000kg 
 Since most environmental samples were analysed for the total concentrations of heavy 
metals, the following assumptions were made to help to identify the most likely chemical 
species: 
o River water: around 50% of the concentration of heavy metals is contributed by 
suspended solids (based on discharge water monitoring data); 
o Soil: on the basis of local site characteristics (organic rich peat soil), most of the 
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heavy metals are bound onto organic matters and Fe-Mn hydroxides and are 
therefore immobile. It is possible that there are trace amounts of dissolved heavy 
metals in soil pore waters in the humid environment. It is important to know that 
heavy metals are sorbed transiently and could be de-sorbed if condition (e.g. pH) 
changes. 
o Sediment: Most of the heavy metals are bound to Fe-Mn hydroxides and organic 
matter and are therefore immobile. 
Results 
According to the Lisheen Input-Output diagram, data on 19 inorganic chemicals are used in the 
Lisheen operation and these were filtered using the CGC procedures described in Chapter 4, 
section 4.2.2 (examples are shown in Figure 7.14 and 7.15). In addition, 26 chemical substances 
were identified in the screening procedure as the breakdown products (i.e. potential primary and 
secondary substances) formed as a result of physical/chemical reactions such as oxidation, 
reduction in the environment. The list of primary and secondary chemicals considered likely to 
be of concern in Lisheen was based on site visits as well as a literature review. A complete list of 
45 inorganic substances was generated by combining 19 parent chemicals and 26 potential 
breakdown products. 
 
On the basis of the available data and the assumptions described above, the following substances 
were identified as high priority substances for further risk analysis in the Lisheen mine. Both 
monitoring data scores and quantity-use pattern scores were used where applicable (Table 7.7). 
Of the substances considered, Cu sulphate used as activator in the froth flotation process, 
primary and secondary soluble Cd species namely: Cd sulphate and chloride, and total Cu in 
river water were given the highest scores, due to their high eco-toxicity and relatively high 
potential for and quantity of exposure. The level of total Cu determined in river water is likely to 
consist of Cu soluble species, such as Cu chloride, sulphate and insoluble suspended solid such 
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as Cu sulphides. Moreover, levels of soluble Zn species such as Zn chloride and Zn sulphate 
were significantly above fresh water guideline values although below the drinking water 
guideline values. The priority substances identified and their scores are given in Table 7.7.  
Table 7.7 Priority Inorganic Substances in The Lisheen Operations 
No. Chemical Name 
Potential 
Source/Pathway 
Q U M T Scores 
1 Copper Sulphate Activator/River water 10 1-3 70 P & T (T1) 1000-3000 
2 
Cadmium Sulphate 
Secondary 
transformation 
species/Soil and River 
water 
1 10 
70 
P & T (T1) 
100 
1000 
Cadmium Chloride 
Secondary 
transformation 
species/Soil and River 
water 
1 10 
P & T (T1) 
100 
1000 
3 Total Cu 
Water discharge/River 
water 
1 10 70 
P & T (T1 
or T2)
 
20 - 
100 
200 -1000 
4 Zinc Chloride 
Secondary 
transformation species 
and depressor/ River 
water 
1-3 10 100 
P & T (T2) 
20 
600 
5 Zinc Sulphate 1-3 10 100 
P & T (T2) 
20 
600 
6 Total As 
Water discharge/River 
sediment 
3 10 70 
P & T (T2 
or T3)1 
-20 
30-600 
 
The Lisheen mine is a special case because large amounts of heavy metals can accumulate in the 
river sediment but they are in a relatively insoluble form that significantly reduces their 
eco-toxicity and risks in the environment. Slight changes to river water conditions (e.g. pH, 
hardness, temperature) could however remobilise them with the potential to cause significant 
environmental and human health impacts. Hence, Table 7.7 shows the risk rankings for the 
inorganic chemical based on current chemical species and environmental conditions. It is also 
crucial that potential environmental change and exposure pathways (section 7.3.2 MGC) are 
taken into account in interpretating the results of the CGC ranking procedure. 
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Figure 7.14 Using Cadmium Sulphide (CdS) as an Example for Demonstrating CGC 
Algorithm: 
 
CdS
Can the PBT 
properties of 
the substance 
be assessed on 
the basis of the 
hazard or risk 
assessment?
Has the 
substance been 
subject to a 
formal hazard or 
risk assessment, 
or is currently 
being assessed?
Has the 
substance been 
listed as a priority 
chemical in the 
EU or in other 
international 
jurisdictions?
Yes
Yes
No
No
No
No
No
YesThe substance includes 
an essential element?
> Local natural 
background level?
Yes
Yes
Monitoring data 
available?
No
1. Identify primary 
soluble/ dissociated 
species following 
dissolution under 
relevant ambient 
environmental 
conditions;
2. Identify secondary 
transformation 
species, under 
relevant ambient 
environmental 
conditions;
3. Rank identified primary 
and secondary species 
according to chronic or 
acute toxicity test values. 
Identify chemical species 
of concern (SoC) with 
lowest value;
4. Measure/estimate 
solubility of parent 
substance under a 
range of relevant 
environmental 
conditions (use worst 
case solubility value).
CdS
Solubility: low
LC50: 153-354 ug/L
NOEL: N/A
CdSO4
Solubility: 75.5g
LC50: 2.4-32000 ug/L
NOEL: 5-5.3 ug/L
CdCl2
Solubility: high
LC50: 0.5-405000 ug/L
NOEL: 1.7-4.1 ug/L
CdO
Solubility: low
LC50: 7029-10470 ug/L
NOEL: 14.8 ug/L
Screen 
substance 
OUT
Is:
Acute toxicity test value:     < = 0.01 mg/l               0.01 to <= 1 mg/l                     > 1 mg/l
Chronic toxicity test value:  < = 0.001 mg/l             0.001 to <= 0.1 mg/l                > 0.1 mg/l
Categorise as T1
CdCl2 and 
CdSO4
Categorise as T2 Categorise as T3
Is SoC persistent? Half-life in:
-Water > 2 months
-Soil > 6 months
-Sediment > 6 months
Treat as inherently 
persistent and 
categorise as
P and T
Categorise 
substance 
as P and T
Categorise 
substance only 
on toxicity
Is substance organo-metallic etc or a metal - containing inorganic?
Yes
Yes
No
No
 
 
Through Step 1 – substance analysis and screening procedure, CdS and CdO are screened out whereas 
CdSO4 and CdCl2 are passed further down to Step 2 for scoring and thus prioritisation (see Figure 7.15) 
based on their Q, U, M and E parameters. 
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Figure 7.15 (Continuous from Figure 7.14) 
 
Discussion 
A large amount of Cu sulphate is used as an activator in the concentration of Pb-Zn ores by froth 
flotation. Most of the Cu sulphate ends up in the Zn concentrate, although some is in the 
discharged waste water from the froth flotation and dewatering process. The levels are low but 
may still pose a potential pathway to the environment and hence poses a risk due to its high 
CdSO4
Quantity: <1 t 
Use patterns: formed 
in soil and water
Monitoring data:
Max. surface water 
Conc. above 
FWGVs
Effect Score E
T1 ------ 100
Priority index
(Risk indicator)
Q x U x E = 
1 x 10 x 100 =
1000
M = 70
(persistent and 
toxic)
 
 
Same calculation applies to CdCl2: 
 
CdCl2 = Q x U x E = 1 x 10 x 100 = 1000; M = 70 (persistent and toxic); 
 
On the basis of the Lisheen Mine monitoring data, all water samples were only analysed for total metal 
concentrations. Therefore, Total Cadmium is created in this circumstance in order to incorporate the 
uncertainties that lie behind water monitoring data. To do this, Total Cadmium is using the toxicity data 
from CdS, CdSO4 and CdCl2 to form a range of toxicity for scoring:  
 
Total Cd (in surface water) = Q x U x E = 1 x 10 x (1 to 100) = 10 to 1000; M = 70; (Assuming all Cd 
species such as CdS, CdSO4 and CdCl2 may be presented in surface water) 
Total Cd (in river sediments) = Q x U x E = 1 x 10 x 1 = 10; M = 70; (Assuming Total Cd in river 
sediments is complexed either with organic flocculation or Fe-Mn-hydroxides thus relatively insoluble. 
Therefore, the effect score of CdS and CdO is used instead of soluble species such as CdSO4 and CdCl2. 
Since CdS and CdO have already been screened out in Step 1, therefore in terms of eco-toxicity, total Cd 
in river sediments (with score of 10) is not considered to be of high concern either.) 
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eco-toxicity. High levels of Cu were also detected in the discharge to the receiving river. Based on 
the precautionary principle, attention should be paid to monitoring Cu sulphate levels in the 
production cycle as well as the levels of Cu in the sulphide ore. The actual Cu sulphate released 
during froth flotation could then be estimated accurately. 
 
Cadmium species such as Cd sulphate and Cd chloride are also identified as high priority 
substances. Cadmium is commonly associated with lead-zinc deposits as Cd sulphide (CdS) 
which is insoluble and less toxic than its soluble secondary species. During mining and mineral 
working, Cd sulphide is likely to be oxidised and dissolved in the aquatic environment providing 
a potential source of exposure to the environment and humans. The primary species under 
ambient environmental conditions are Cd sulphate (CdSO4) and Cd chloride (CdCl2). 
Contamination from existing mines can arise as a result of deposition from air, mine drainage 
water, waste water from ore processing facilities, overflow from tailings pond, and rainwater 
run-off from the general mine area including from underground workings (Johnson and Eaton, 
1980b).  
 
Much of the Cd entering fresh waters from the water discharge is rapidly adsorbed by particulate 
matter such as Fe-Mn hydroxides and organic matter, which may remain suspended or settle out, 
depending on local hydrological conditions. Hence dissolved Cd levels can be low even in rivers 
that receive and transport large quantities of the metal, although levels are likely to be high in the 
fine sediment. High levels of Cd in river sediments could be deposited on pasture during flooding 
events leading to the contamination of soils which may be used for either arable farming or cattle 
grazing and hence provide a pathway to the environment, food chain and potentially human 
beings. 
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Furthermore, there is great potential for the remobilisation of insoluble heavy metal species such 
as Cu, Pb, As and Cd in sediments and flocs in the aquatic environment. Although their low 
solubility bond as particulate means there is a relatively low risk of eco-toxicity to the 
environment and human health, the remobilisation/transformation of the heavy metals into more 
soluble species can be triggered by slight changes to the environment (for example a fall in pH) 
with potentially high risks.  
 
7.3.2 Media of Greatest Concern (MGC) 
The general framework for risk assessment based on risk filtering, ranking and a management 
framework was developed initially by Haimes et al (2002). In this study, a new risk assessment 
method has been developed with particular reference to natural inorganic chemicals in mining 
operations as summarised in Figure 7.16. The general method consists of a series of analytical 
procedures, each procedure having been selected based on the nature of particular environmental 
and human health risks at different stages of mining and mineral working processes. The 
framework is intended to identify the media of concern in the Lisheen area to make environmental 
management more focused and effective. The methodology is described in Chapter 4. 
1.Conceptual Model
2.Hazard Identification
4.Hazard Evaluation
3.1 Step I. Scenario 
filtering
3. Hazard Assessment 
(prioritisation)
3.2 Step 2. Bi-criteria 
filtering and ranking 
3.3 Step 3. Multi-
Criteria Analysis 
 
Figure 7.16 Risk Analysis Framework for the Lisheen Mine Operations 
Starting 
Point 
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Conceptual Model 
A graphical conceptual model was used to assess the impacts of the Lisheen mine operations on 
the receiving environment (Figure 7.17). 
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Figure 7.17 Conceptual Model of The Lisheen Mine 
 
 
The term source of risk describes the origin of the hazard, for example ventilation stacks or waste 
water discharges from the operations. The pathway is the vector by which the hazard reaches a 
receiving receptor (e.g. airborne particulate matters from stacks or waterborne suspended solids 
from waste water treatment plant to surface water). Problems arise if a hazardous chemical 
substance has the potential to affect flora and fauna as well as species at trophic levels higher up 
the food chain including humans reaches the target.  
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Hazard Identification 
In order to focus on the risks from chemicals released by the Lisheen mine, a framework was used 
to identify two of the basic structural components of HHM. First, the main or „head‟ topics were 
considered including the major visions, concepts and perspectives for dealing with risk. In the case 
study, the following „head‟ topics were identified based on the current operations structure (Figure 
7.18).  
 Mine – the excavation phase involving drilling, blasting and crushing the ore, gangue, waste 
water management and backfilling;  
 Mill –  the surface plant which involves operations such as fine grinding, froth floatation 
and dewatering; 
 Waste Management Facility– mainly tailing disposal, re-claim water treatment and mine 
water treatment; 
 Auxiliary Plant – including all the plants dealing with operations other than ore excavation, 
milling and waste management facilities; these include the offices, laboratory and sewage 
treatment work. 
 
The four „head‟ topics do not represent a comprehensive model of risk for the Lisheen mine 
operation; however, they provide an adequate starting point for identifying a wide array of, 
possibly significant risk scenarios. 
 
Second, the subtopics (or subsystems), which provide a more detailed classification of operations, 
were developed. Each subtopic corresponds to a class of risk scenarios, namely, those that impact 
on that operation. In this sense, each class of operation was also considered as a „source of risk‟. At 
the Lisheen mine, the system decomposition could be done logically following the processing 
sequences for Pb and Zn concentrate. For example, the mill operation involves comminution using 
a SAG mill and a Ball mill, sequential froth flotation of Pb and Zn concentrate separately, followed 
by a de-watering process. After flotation, the Zn concentrate may undergo an acid leach quality 
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control process, which helps to reduce Mg levels in the concentrate as necessary. A master list of 
the Lisheen‟s operations in relation to the potential receptors that could be affected by it is given in 
Figure 7.18:  
 
Mill
Comminution TMF
Pb Froth 
Flotation
Zn Froth
Flotation
Acid Leach
Receptor
Soil
Water
Occupational
Health
Air
Ecology
Community
Health
B CA
Auxiliary/
Other Plants
Office &
Laboratory
Maintenance & 
Workshop
Sewage
Treatment
RWTP
Backfill Paste
Plant
Waste
Management
De-water
MWTP
D
Mine
Drill
Blast
Load
Preliminary
Crushing
Ore
Transportation
Waste Rock
Disposal
Backfilling
1
2
3
4
5
6
7
E
Pumping
 
Figure 7.18 Master List - HHM framework for the Lisheen Mine Chemical Related Risk 
Identification (each subtopic could be identified by its X and Y coordinates e.g. Drill is A1, Sewage 
Treatment is D3, etc) 
 
Finally, the different receptors were identified and grouped together under the head topic 
„Receptor‟ (Figure 7.18). Sediment is not listed as a separate receptor but considered and included 
with „water‟. Initially, water, soil and air were viewed as receptors. Their functions as pathways 
are considered later in step 3. 
 
One of the most common phenomena in system decomposition is the identification of overlapping 
subsystems (Haimes, 1998). During modelling of large-scale and complex systems, more than one 
mathematical or conceptual model is likely to emerge. Each model may focus on a specific aspect 
Y 
X 
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of the system, yet all may be regarded as acceptable representations of the system. Consequently, 
decomposing a system often presents a dilemma over the choice of subsystems (Haimes, 1998). 
The phenomenon of overlapping decomposition can complicate hierarchical analysis. Although it 
can also provide an improved understanding of the synergies in the overall system and its different 
sources of risk and uncertainty. A representation of two of the overlapping subsystems at Lisheen 
is shown Figure 7.19: 
Receptor
SoilWater
Occupational
Health
Air Ecology
Community
Health
E
Sources 
Of Risk
Waste
Management
C
TMF MWTP RWTP
Waste Rock
Disposal
 
Figure 7.19 Waste Management Impact Sub-model 
 
 
Each subtopic from each subsystem was selected and combined to generate a specific scenario as a 
source of risk. In the following text, scenarios and sources of risk are sometimes interchangeable. 
Any environmental and human health risks under such a scenario were generated and recorded. 
For example, Table 7.8 shows all of the risks identified for six different receptors viz, water, soil, 
air, workers, residents and ecosystem associated with „MWTP‟ operation (Figure 7.19). During 
the next stage, the whole list of potential risks from different combinations was filtered. An 
example using MWTP operation is shown in Figure 7.20 and 7.21. 
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Table 7.8 Examples of Scenario / Source of Risk Identification 
Factor 1 Factor 2 Risk Descriptions 
C2 E1 Discharge to local rivers increase the heavy metal levels e.g. Cd, Zn, Pb etc 
C2 E1 Leaks and spills from holding and conditioning pond to groundwater 
C2 E2 
Leaks and spills from MWTP results in the elevation of levels of heavy 
metal in soil 
C2 E3 Evaporation disperses volatile chemical substances into the air 
C2 E4 Ingestion and inhalation of volatile chemical substances 
C2 E5 
Drinking the water (from rivers) contaminated by the water from MWTP 
discharge  
C2 E5 Landscape distraction 
C2 E6 
Effects on local fauna and flora which depend on the river water due to the 
elevated levels of heavy metals from MWTP discharge 
 
 
Figure 7.20 Example of using MGC Procedures 
 
Using MWTP (Figure 7.16) as an example, after the decomposition of the Lisheen Mine operational systems, 
the following potential sources of risk associated with the six different receptors viz, water, soil, air, workers, 
residents and ecosystem were identified (Table 7.8 and the Table A below). 
 
Table A Examples of Scenario / Source of Risk Identification 
Factor 
1 
Factor 
2 
Sources of Risk 
C2 E1 Discharge to local rivers increase the heavy metal levels e.g. Cd, Zn, Pb etc 
C2 E1 Leaks and spills from holding and conditioning pond to groundwater 
C2 E2 
Leaks and spills from MWTP results in the elevation of levels of heavy metal in 
soil 
C2 E3 Evaporation disperses volatile chemical substances into the air 
C2 E4 Ingestion and inhalation of volatile chemical substances 
C2 E5 Drinking the water (from rivers) contaminated by the water from MWTP discharge  
C2 E5 Landscape distraction 
C2 E6 
Effects on local fauna and flora which depend on the river water due to the elevated 
levels of heavy metals from MWTP discharge 
 
In Step 1-Scenario filtering, sources of risk that are not chemical related should be identified and screened 
out. As a result, only one risk i.e. C2E5-Landscape distraction is not chemical related risk whereas the rest six 
risks identified were all chemical related. The six risk scenarios were passed down further to Step 
2-Bi-criteria screening (Table B). 
 
Table B Bi-Criteria Filtering and Ranking 
Factor 1 Factor 2 Frequency Magnitude Severity 
C2 E1 5 4 4 
C2 E1 1 4 3 
C2 E2 2 4 3 
C2 E3 5 1 2 
C2 E4 4 2 2 
C2 E5 3 4 3 
C2 E6 5 4 4 
 
Five out of the seven potential risks were scored > 2, therefore 2 sources of risk (i.e. C2E3 and C2E4) were 
screened out and the rest five entered into the Step 3-Multi-Criteria Analysis (Table C) 
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Table C Multi-Criteria Analysis 
Criteria 
C2 C2 C2 C2 C2 
E1 E1 E2 E5 E6 
Chemical source composition high (10) high (10) high (10) high (10) high (10) 
Chemical source volume high (10) low (1) low (1) high (10) high (10) 
Chemical 
bioavailability/bioaccessbility 
medium to 
high (6) 
high (10) 
medium to 
high (7) 
medium to 
high (8) 
medium to 
high (8) 
Media chemical concentration high (10) low (1) 
low to 
medium (3) 
high (10) high (10) 
Persistence of media chemical high (10) high (10) high (10) high (10) high (10) 
Undetectability low (1) medium (5) low (1) low (1) low (1) 
Uncontrollability low (1) medium (5) low (1) low (1) medium (5) 
Duration of effect high (10) high (10) low (1) low (1) high (10) 
Cascading effects high (10) 
medium to 
high (8) 
low to 
medium (3) 
low (1) high (10) 
Irreversibility medium (5) 
medium to 
high (8) 
medium (5) high (10) medium (5) 
 
„Media chemical concentration‟ was given a weight of 2 whereas the rest of criteria were all equally weighted 
(1). The final score for each potential source of risk could be calculated by summing up the scores in the 
column with weight applied accordingly.  
 
 
Figure 7.21 (Continuous from Figure 7.20) 
 
Hazard Assessment (Prioritisation) 
A good hazard identification and assessment phase makes use of as many tools as possible, to 
develop as complete a list of sources of risk as possible. By using HHM and the different 
combination of overlapping subsystems, a list of 71 sources of risk was identified for the Lisheen 
mine operations. The preliminary screening based on scope, temporal domain and levels of 
decision making reduced the list to 63 by screening out non-chemical risks such as subsidence, 
noise and landscape distraction. (see APPENDIX E - 2). 
 
In the further bi-criteria filtering, sources of risk with severity levels of 1 (low) or 2 (moderate) 
were screened out reducing the number of sources of risk from 63 to 36. The remaining list was 
then re-analysed in relation to 6 receptors and 4 modes of operations. Those falling in the low 
and moderate severity boxes were then filtered out and set aside for consideration later. The 
 195 
results from the bi-criteria filtering showed that most of the „extremely high‟ and „high‟ risks are 
in the mine and waste management operations which contribute over 63% of total („high‟ and 
„extremely high‟) risks to the environment and human health in the Lisheen area whereas the 
mill operations contribute relatively low levels of risk (Figure 7.22). No „extremely high‟ risk 
was found in the ancillary/offices/laboratories.  
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Figure 7.22 Levels of Severity of Risks from Five Major Operations 
 
In categorising risk according to six important receptors in the Lisheen area (Figure 7.23), waste 
management operations present most of the highest numbers of risks likely to impact on water 
and soil which could indirectly affect the local residents and ecosystem. The mining and milling 
operations pose the highest number of risks to the workers on site. In addition, all the „high‟ and 
„extremely high‟ risks via air identified are from either mining or milling. No significant 
chemical-related risks to the local community health were identified from the mining and milling 
operations, however, some of the non-chemical related risks that were filtered out such as lower 
groundwater level and subsidence should be carefully evaluated separately.  
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Figure 7.23 Distributions of Risks from Major Operations over Six Receptors 
 
In step 3, the process was taken a step further by reflecting each scenario‟s actual properties and 
the ability to defeat three defensive properties of the underlying system namely, resilience, 
robustness and redundancy (Haimes et al., 1997). To achieve this, ten criteria were selected 
(Chapter 4, Table 4.10). The criteria reflected the level of potential exposure or contamination 
(criteria 1 – 5) as well as the ability of defeating the defensive properties (criteria 6 – 10). 
Because of the significant differences in the risk assessment of organic and inorganic chemicals, 
the PBT (persistence, bioaccumulation and toxicity) properties which are generally applied in 
conventional organic chemicals risk assessment have been amended in order to assess the 
inorganic compounds. As a result, criteria 1 – 5 were aimed at assessing the chemical‟s 
bioavailability, toxicity, potential exposure volume and persistence in the exposure media. 
 
As a further aid at this stage of the process, it may be helpful to rate the scenario of interest as 
„High‟, „Medium‟ or „Low‟ against each criterion. There were also numeric ratings (0 – 10) 
associated with levels of significance based on the data in Table 7.9. 
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Table 7.9 Rating and Weighting Risk Scenarios in Step 3 against the 10 Criteria 
Criterion Weight High (10) Medium (5) Low (1) 
Not 
Applicable (0) 
Chemical source 
composition 
1 
with As, Cd, Cu, Pb 
and Zn 
with Hg, Ni, Tl, Mn, 
Fe, sulphate, nitrate, 
nitrite and ammonia 
without those 
chemicals indicate in 
High and Medium 
Not applicable 
Chemical source 
volume 
1 
>1000 tonnes or > 
1000 m³ 
> 10 t < 1000 t, >10 < 
1000 m³ 
<10 t, < 10 m³ Not applicable 
Chemical 
bioavailability 
/bioaccessbility 
1 
mostly 
exchangeable and 
carbonate  
mix of low and high 
fractions 
Sulphides or bounded 
to organic colloidal/ 
Fe, Mn hydroxide. 
Not applicable 
Media chemical 
concentration 
2 
mostly over 
legislated guideline 
values 
generally below 
guideline values with 
few hot spot 
all below Not applicable 
Persistence of 
media chemical 
1 
chemicals will stay 
as it was for quite a 
long period of time 
e.g. in years 
there is natural 
reduction going on 
but slow e.g., in 
months 
chemical will be 
leached out of the 
system very fast (in 
days) 
Not applicable 
Undetectability 1 
Unknown or 
undetectable 
Late detection Early detection Not applicable 
Uncontrollability 1 
Unknown or 
uncontrollable 
Imperfect control Easily controlled Not applicable 
Duration of 
effect 
1 
Unknown or long 
duration 
Medium duration short duration Not applicable 
Cascading 
effects 
1 
Unknown or many 
cascading effects 
Few cascading 
effects 
No cascading effects Not applicable 
Irreversibility 1 
Unknown or no 
reversibility 
Partial reversibility Reversible Not applicable 
 
Each of the 36 sources of risk was assigned a score against each criterion (Table 7.9). In order to 
reflect risk priority as well as distinguishing extremely high risks from high risks, a weight (x 2) 
was added to the criterion – „media chemical concentration‟. The weight represents the urgency 
of dealing with (or preventing) that particular scenario /source of risk; so that the final score of 
each source of risk ranges from 0 to 110. The final scores were then divided into three categories: 
High risk (>=65), moderate risk (>=40 but <65) and low risk (<40). Eight high risks were 
identified (Table 7.10). The distribution of high risks are listed in Table 7.11 and shown in 
Figure 7.24. Most of the high risks are on water, local residents and ecosystem.  
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Table 7.10 Risks with Highest Scores from MCA 
No Risk Scenario Descriptions 
Exposure 
Pathway 
Risk Scores 
1 Effect on the river water ecosystem due to the discharge from MWTP Surface water 89 
2 
The discharge from MWTP to the local rivers causes elevation of 
levels of heavy metals in river water and sediment 
Surface water 83 
3 
Human health effect from drinking of river water and ingestion of 
sediments 
Surface water 79 
4 Leaks and spills from TMF to groundwater Groundwater 69 
5 
Leaks and spills from MWTP (holding and conditioning pond) to 
groundwater 
Groundwater 69 
6 Leaks and spills from pond in RWTP to groundwater Groundwater 69 
7 Inhalation of ammonia and dust in air by mine workers Air 68 
8 Increase heavy metal concentrations in operational water by drilling Groundwater 67 
 
 
Table 7.11 Final Scores for Six Receptors 
Receptor Level of Risk No. of Risks 
No. of High 
Risks 
Water 59.7 10 5 
Soil 47.2 5 0 
Air 46.6 5 0 
Occupational Health 45.1 10 1 
Community Health 59.5 2 1 
Ecology 67 4 1 
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Figure 7.24 Levels of Risks among Six Receptors 
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In the first part of the risk assessment exercise, water, soil and air were treated as receptors for 
simplicity, although they are also crucial environmental and human health exposure pathways. 
The risks to workers (Occupational health), communities (Community health) and ecosystems 
(Ecology) have then been re-classified according to the actual routes of exposure (e.g. inhalation 
of gases/aerosols, ingestion of food, water, soil or dermal contact). Consequently, the sources of 
risks were regrouped in relation to the four exposure pathways only, namely: surface water, 
groundwater, soil and air (Figure 7.25). The visualisation of levels of risks associated with 
receptors and exposure pathways gives a clear prioritisation of actions to be taken in the next 
step for risk reduction and management. The spider diagram (Figure 7.25) shows that most of the 
human health and environmental risks are associated with surface water and groundwater 
pathways. There are three potential high risks from surface water-related exposure in the Lisheen 
area (Table 7.10) and all of them are linked to the discharge from the MWTP. This is because the 
MWTP is the most important point source of discharge from the Lisheen mine operations. It is 
also the main pathway of heavy metals into the environment considering the volume of water 
discharged and their levels of heavy metals. On the other hand, it is easier to monitor and control 
this potential risk than the other potential risks to the groundwater. Leaks are usually hard to 
detect and effects on groundwater are difficult to remediate and control. Therefore, it is 
important to use durable liner to prevent any leaking and infiltration from the water holding pond 
first and this is recognised at the Lisheen mine and all the water holding ponds are properly lined 
and water levels are monitored regularly.  
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Figure 7.25 Levels of Risk in Four Exposure Media 
 
7.4. Discussion 
Based on the results from CGC and MGC, the following schematic source-pathway-receptor 
model (Figure 7.26) has been constructed for the Lisheen mine. The media of the highest 
concern are water and sediments, especially surface water discharge (highlighted as bold blue 
arrows in Figure 7.26). Taking into account the high priority chemicals from the CGC procedure, 
the following are the main findings: 
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Figure 7.26 Generic Source-Pathway-Receptor Model of Potential Hazardous Substances 
from the Lisheen Mine 
 
1. Exposure to oxygen and moisture promotes oxidation of sulphide minerals such as galena 
(PbS), sphalerite (ZnS) and pyrite (FeS2) and leads to mineral dissolution and metal 
mobilization. Some studies have found that a proportion of dissolved metal can migrate 
offsite in runoff from the piles (Schaider et al., 2007a), while the remaining metal 
reprecipitates within piles as secondary minerals such as anglesite (PbSO4), cerrusite 
(PbCO3), hydrocerrusite and plumbojarosite (PbFe6(SO4)4(OH)12) forming rinds on particle 
surfaces, or which can be adsorbed on to the surfaces of Fe- Mn- hydroxides (Ostergren et 
al., 1999). As a result, the construction of the TMF to prevent oxidation of the sulphide 
minerals and the backfilling fine tailings mixed with cement are ideal for managing this 
source of environmental risk and are fully implemented at the Lisheen mine. 
 202 
2. CuSO4, total Cu
18
, soluble Cd species (especially CdSO4, CdCl2), soluble Zn species 
(especially ZnSO4, ZnCl2) and total As are the chemicals of greatest concern of all the 
chemicals discharged from the Lisheen mine. The levels of these chemicals in river water 
are relatively low except for Zn for which levels are significantly elevated downstream of 
the discharge points. The levels of Zn in both receiving rivers are above the international 
FWGVs but well below the DWGVs, so that they pose only a low risk to human health 
although they may impact on the local environment particularly the aquatic ecosystem. 
Routine water quality monitoring is critical in precautionary risk based environmental 
management and this is fully implemented at Lisheen. In addition to the current practice, it 
is suggested that Cd be added to the on site monitoring scheme before water is discharged. 
3. High levels of heavy metals were reported in the river sediments of the Drish and 
Rossestown rivers in relatively insoluble forms in 2006. Based on the sample analysis, 
statistical distribution patterns, and field investigation, it is clear that most of heavy metals 
(e.g. As, Cd, Zn, Cu and Pb) are bound onto Fe and Mn hydroxides or organic flocs. 
Solubility is the key parameter in determining inorganic chemical toxicity. Despite the 
immobile form of heavy metals in the Drish and Rossestwon Rivers‟ the sediments is less 
toxic than their soluble species. There are nevertheless potential risks under the following 
scenarios: 
a) A change of river water conditions such as a fall in pH, conductivity, and hardness that 
could remobilise the metals and cause higher levels of heavy metal concentrations in 
river water; 
b) High levels of heavy metals in river sediments could potentially be deposited on 
pasture/agricultural field during flooding events leading to the contamination of soils 
which are used for either arable farming or cattle grazing. As a result, flooding may 
provide a pathway for heavy metals to the environment, the food chain and potentially 
                                                        
18 Total Cu and Cu sulphate are listed separately in order to highlight the difference in their sources for example, CuSO4 is most 
likely to be released from froth flotation plant whereas other soluble and insoluble Cu are more likely to be from the ore and 
waste rocks. 
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human beings. 
4. On the basis of understanding the potential risk associated with the river sediments, clean-up 
the sediments and flocculation in both rivers was carried out in early 2007 to minimise the 
environmental and human exposure. This proved to be highly effective in reducing the 
potential environmental risks from heavy metal contamination. Regularly monitoring river 
sediments is important because most of these heavy metals have the property to be rapidly 
adsorbed by particulate matter (such as organic matters or Fe and Mn hydroxides), which 
may remain suspended or settle out, depending on local hydrological conditions. 
 
7.5 Conclusion and Recommendations 
This study carried out a risk based environmental and human health risk analysis for the Lisheen 
mine based on its historical monitoring data and a site investigation as part of the study. The data 
were evaluated using two methods namely CGC and MGC. The analysis based on the results 
from both methods draws the following conclusions: 
 Discharge from the Lisheen mine is the main pathway for releasing potential hazardous 
chemicals such as CuSO4, total Cu, soluble Cd species (especially CdSO4, CdCl2), 
soluble Zn species (especially ZnSO4, ZnCl2) and total As into the environment; 
 High levels of heavy metals in the river sediments have the potential to pose a risk to 
both the environment and human health. Regular clean-up action is now carried out to 
minimise the exposure; 
 Levels of the key chemicals of concern are generally low in other exposure media such as 
soil and air. No significant human exposure pathways are identified based on the site 
characteristic data collected, therefore no quantitative risk assessment procedures (i.e., 
toxicity assessment, exposure assessment and risk characterisation) are required at this 
stage. 
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Recommendations for further risk minimisation strategies include:  
 Monitoring of Cu sulphate in the production cycle as well as the levels of Cu which is 
also a minor component of the sulphide ore; 
 Routine operational water, surface and ground water monitoring (particularly for the 
chemicals of the highest concern, e.g. As, Cd, Cu, Pb and Zn) to reduce and minimise any 
potentially harmful release of heavy metals into the environment.  
 Routine monitoring and cleaning programme of river sediments should be continued to 
minimise any environmental and human exposure. 
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CHAPTER 8  CASE STUDY III – THE RICHMOND COPPER SMELTER  
8.1 Introduction 
The Richmond smelter
19
 is one of the most modern copper (Cu) smelters. The operational area 
of the Richmond smelter covers around 50 hectares of land adjacent to the Yong River flowing 
through the Yong valley. It processes 1800 tonnes of Cu concentrate a day (657,000 tonnes/year) 
2/3 of which is from Fulham and the remaining 1/3 from Chelsea. The current processing 
capacity of Richmond is 184,000 tonnes of fine Cu a year. Its normal sulphur capture rate is 97%, 
which makes it the most environment friendly smelter in the region. 
 
The Richmond smelter has been in operation since 1917. It was shutdown from 1946 to 1960. 
The environmental monitoring network was installed and expanded during the period 1978 to 
1986. The acid plant entered into operation in 1972 with an initial sulphur recovery rate of 70%. 
This was increased to 95% through the introduction of a double absorption system in 1998. An 
Outokompu flash furnace was installed at Richmond in1995 and its refining furnace was 
commissioned in 2000 to enable copper anodes to be produced. At the same time, an energy 
system based on natural gas was also implemented. 
 
Although the Richmond smelter has good environmental performance, it is likely that pollution 
problems can be reduced/minimised if chemicals and their exposure pathways are well 
monitored and controlled. This requires all important pollutant exposure pathways to be 
identified, and potential environmental risks documented and reviewed regularly.  
                                                        
19 The real names and locations of the Cu smelter are not used due to confidentiality reasons. 
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The tiered risk assessment methodology shown in Chapter 4 is carried out on the Richmond 
smelter operations and the various receptors around it. The first tier of the assessment focuses on 
identifying the chemicals of greatest concern and the media of greatest concern. The outcomes of 
the first tier are then fed into the next tier which includes „Exposure Assessment‟, „Toxicity 
Assessment‟ and „Risk Characterisation‟. The structure of this study is as follows: 
 Data collection (section 8.2) – including the collection of existing site specific data, such as 
routine monitoring data, data available from previous investigations e.g., the preliminary 
assessment and site inspection; 
 Aim and objectives (section 8.3) – on the basis of the data collection, further risk assessment 
research planning was undertaken to identify probable boundaries of the study area, feasible 
objectives and the level of human health assessment required; 
 Data evaluation (section 8.4) – involving the preparation of a set of data for tier 2 
quantitative risk assessment. Two different screening and prioritisation procedures were 
used to further reduce the number of inorganic chemicals and exposure media to be carried 
through the toxicity assessment and exposure assessment respectively. The method used to 
prioritise chemicals of greatest concern was developed based on the screening and 
prioritisation procedures proposed by UK Advisory Committee on Hazardous Substances 
(ACHS) in 2005 (ACHS, 2005). The other method used to identify exposure media of 
greatest concern was based on Hierarchical Holographic Modelling (HHM) and 
Multi-Criteria Decision Making (MCDM). In addition, the methodologies used in this stage 
could be applied as routine precautionary risk monitoring measures. 
 Exposure assessment (section 8.5) – which examines potential human health exposure routes 
based on the results from MGC. Three principal exposure pathways are used, namely soil 
ingestion, drinking water and air inhalation.  
 Toxicity assessment (section 8.6) – using toxicity values such as the Reference Dose (RfD), 
Tolerable Daily Intake (TDI), and Carcinogenic risk Slope Factor (SF) of chemicals of 
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greatest concern were identified and compared across different references for estimating risk 
scores. 
 Risk Characterisation (section 8.7) – Risk estimation using Monte Carlo simulation (MCS) 
based on the input variables identified in previous Exposure and Toxicity assessments.  
 Uncertainty and Sensitivity Analysis (section 8.8) – to identify all the uncertainties in each 
step of the tiered risk assessment as well as the assumptions made in the screening and 
prioritisation processes. Sensitivity analysis is conducted for the risk estimation using MCS. 
 In conclusion (section 8.9) – the key results from each stage for the study are summarised 
for risk communication taking into account the uncertainties and assumptions. Potentially 
effective risk minimisation strategies are also recommended for future Richmond operations. 
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8.2. Background Data Collection  
Data collected during the site investigation include site characteristics (i.e., temperature, rainfall, 
meteorology, geological setting, vegetation, soil types, location and description of water bodies 
and land use), soil, water and air monitoring data. 
8.2.1 Site Characteristics 
Some of the important characteristics of the Richmond site include the following: 
 Climate: The highest temperatures are during the summer months between December and 
February (Figure 8.1) although the highest average rainfall levels are concentrated in the 
winter period between June and September (Figure 8.2).  
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Figure 8.1 Annual Temperature Variations in the Richmond Area (based on 2007 data) 
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Figure 8.2 Annual Average Precipitation in the Richmond Area (based on 2007 data) 
 
 Meteorology: The strongest prevailing wind is from the South West towards the North 
East (Figure 8.3). The strength and frequency of the wind are shown in Figure 8.4 with the 
largest arrow indicating more frequent and stronger wind and vice versa. Air Quality 
Monitoring Stations (AQMS) are also shown in Figure 8.4 
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Figure 8.3 Wind Enter-in Direction and Speed at Richmond Monitoring Station (based on 
2007 data) 
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Figure 8.4 Direction and Speed of prevailing wind at the Richmond Smelter Site (size of 
arrow indicates the relative wind speed) 
 
 Geological setting: The Richmond area is underlain by fluvial sediment deposited rapidly 
by erosion from the Yong Mountain range; 
 Vegetation: Most of the land around the Richmond smelter is used for horticulture and 
agriculture including: vineyards, lucerne (alfalfa), avocado, lettuce, cabbage, beetroot and 
artichoke growing.  
 Soil type: the soil is formed from fluvial (flood plain) sediments; 
 Current land use: mainly agricultural and horticultural with a few residential villages. 
There is a football ground close to the northwest of Richmond industrial site 
 
Available environmental monitoring data for water (surface and ground water), soil and air 
from a site visit, personal interviews and historical documents are reviewed in the following 
section 8.2.2. 
8.2.2 Surface and Groundwater 
Water Use 
There are two important water cycles in Richmond (Figure 8.5), that represents industrial use 
and potable water consumption.  
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Water for cooling the smelter operations is pumped from 3 deep wells (60-80m) on the site (PI-1, 
2 and 3 in Figure 8.6). These supply 4000 m³ of clean water per day. Usually only one well is 
pumped at a time. The water is reused in the circuit for a limited number of times in order to 
minimise scaling. The reused water is then stored in the rain water collection pond for irrigation 
or discharged to the Yong River. The waste water from the Richmond offices and staff camp is 
treated in the sewage treatment plant on site and chlorinated before discharge to the river or used 
for tree irrigation. 
 
Figure 8.5 Water Use in Richmond Smelter 
 
Water Quality Monitoring 
Ground water and surface water are routinely monitored at Richmond by external Environmental 
and Management Consultancy. Most of the important monitoring points are showed in Figure 8.6. 
In addition to that, water quality monitoring is also carried out by Anglo Richmond. Due to the 
seasonal variation, the water quality assessment in this study is based on the best available data 
on both „High-Flow‟ in summer 2008 and „Low-Flow‟ in winter 2005. The data are summarised 
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in Table 8.1. Levels of As in groundwater are consistently high on site with a value as high as 
442 µg/L reported at C-2 well, which is adjacent to an old furnace cleaning waste dump. The 
levels of As in groundwater decrease however as it passes through the Richmond operational site 
towards the west and with levels as low as 0.5 g/L at point C-6 well. 
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Figure 8.6 Major Surface and Ground Water Sampling Points 
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Table 8.1 Summarised Data on Richmond Ground Water and Surface Water 
  Ground water Surface water 
  2008 (summer) 2005 (winter) 2008 (summer) 2005 (winter) 
  filtered unfiltered filtered unfiltered filtered unfiltered filtered unfiltered 
 Unit max medium Max Median Max Median Max Median Max Median Max Median Max Median Max Median 
Al ppb 6 2 422 6 8 2 883 50.5 53 52 6615 391 113 26 332 260 
As ppb 441.9 2 415 3.15 463.2 1.15 424.3 3.6 65 2.2 90.4 5.7 17.8 2.2 23.7 2.4 
Bi ppb 0.06 0.05 0.06 0.05 0.06 0.05 0.13 0.05 0.14 0.05 1.35 0.05 0.5 0.05 0.23 0.05 
Ca ppb 154972 83040.5 162642 81889 128552 93724 128584 87171.5 183974 78391 177343 73420 163609 96442 162926 83702 
Cd ppb 3.85 0.05 4.86 0.06 1.45 0.05 1.35 0.17 0.38 0.06 2.49 0.21 7.46 0.06 7.38 0.05 
Co ppb 0.09 0.02 0.32 0.02 0.2 0.065 1.88 0.16 0.7 0.09 5.3 0.49 0.54 0.1 0.47 0.4 
Cu ppb 14.2 1.5 23 4.15 13.5 4.95 106.6 16.85 170.5 20 922.3 591 761 9.2 800.4 39.4 
Fe ppb 1270 28 7132 72 3896 22 37851 1080 56 36 5008 662 148 55 419 347 
Hg ppb 0.3 0.15 0.6 0.15 0.1 0.1 0.1 0.1 0.5 0.1 0.1 0.1 1 0.1 0.1 0.1 
Mg ppb 19342 13295.5 19655 13105 16240 13232 15501 13097.5 25962 12249 26962 12116 23748 13402 23495 12556 
Mn ppb 125.76 1.345 139.73 3.04 177.26 6.78 1483.96 87.55 114.21 8.86 476.12 33.54 77.99 5.84 75.81 30.51 
Mo ppb 147.2 6.95 148.7 7.4 51.6 2.75 52.8 2.9 60.4 2.1 66.5 2 19.8 2.4 20.3 2.1 
Ni ppb 0.7 0.2 1.4 0.2 10.2 0.2 17.1 0.35 1 0.2 3 2.4 3.2 0.2 2.2 0.2 
Pb ppb 0.2 0.1 2.3 0.1 0.2 0.1 5.5 0.45 8.2 0.1 41.5 3.5 1 0.2 2.6 0.3 
S ppm 124 63.5 119 63.5 75 49 80 47.5 219 43 259 41 145 45 147 43 
Sb ppb 4.32 0.265 4.53 0.335 1.81 0.21 1.87 0.405 1.86 0.18 2.03 0.19 0.68 0.19 0.78 0.18 
Se ppb 23.8 2.05 23.5 2.3 4.4 0.6 4.2 0.7 17.3 0.5 20.8 0.5 5 0.6 3.5 0.5 
Si ppb 15539 8274 15436 8318.5 13393 8242 14813 10114 19120 7991 22129 13972 20020 8612.5 22611 9290.5 
Tl ppb 6.25 0.01 6.27 0.01 3.79 0.01 4.18 0.01 1.19 0.01 1.15 0.02 1.67 0.01 1.58 0.01 
Zn ppb 108.1 2.95 121.4 3.2 66.8 2.9 58.7 6.9 25 2.1 183.2 51 431.3 2.6 423.5 5.4 
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8.2.3 Soil 
Soil samples were collected from trenches (5 samples) and by auger (14 samples) around the 
Richmond smelter and analysed for a range of trace elements using ICP-MS at ACME analytical 
laboratories Ltd., Vancouver in June 2005. The locations of the sampling site are shown in Figure 
8.7 and the results in Table 8.2.  
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Figure 8.7 Soil Sample Site locations in Richmond Area 
 
Trench samples were taken mostly from undisturbed agricultural land. So that the trace elements 
in the soil samples were less likely to be affected by activities such as ploughing. This was 
confirmed by the consistent pattern of increase in trace element levels near the surface of soil 
profile (Figure 8.8). 
 
There appear to be two layers of soil with different levels of trace element content. The first layer 
from 50cm to the surface shows increasingly high concentrations of metals and transitional 
metals near to the surface of the profiles. The highest concentrations for most of the elements 
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sampled are at 5-20cm depth. In contrast, trace elements concentrations below 50cm are 
consistently low. As there are no regional background data available for the Richmond region, 
the concentrations of the soil between 50 and 110cm has been used to provide a reference against 
which to estimate the enrichment from the smelter. Estimated Natural Background Levels (NBLs) 
have been calculated as ranges using the mean and the 95 percentile from the samples taken from 
50–110cm underground. Chagres Soil Profiles
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Figure 8.8 Trench Soil Samples (5 different coloured lines represent 5 trench samples) 
 
Two key parameters were used to identify significant enrichment of trace element in the 
Richmond area close to the smelter. The first was Local Background Variation Ratio (LBVR) 
which was the product of the estimated natural background level divided by the average crustal 
abundance or Clarke value (formula 1). This was used to show the background variation of 
metals enrichment in the Richmond region compared to the global average crustal abundance. 
Secondly, the Enrichment Factor was calculated using the maximum measured soil 
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concentration divided by the estimated natural background level (formula 2). The enrichment 
factor showed the relative increase in trace element levels likely to be caused by smelter 
emissions. 
 
ValueClarke
LevelBackgroundNaturalEstimated
LBVR
.
...
        (1) 
LevelBackgroundNaturalEstimated
ConcSoilMaximum
FactorEnrichment
...
...
.      (2) 
 
A range of trace elements and their associated enrichment factors are presented in Figure 8.9. 
The results show that there is a significant enrichment (of over 10 times) for Bi, Cd, Cu, Hg, S 
and Tl whereas Sb, As, Au, Pb, Mo and W are only moderately (5 – 10 times) enriched in the 
topsoil. Al, Ba, Be, Cr, Co, Fe, Ni, P, Se, Th, U and Zn show almost no change from the local 
natural background levels. 
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Figure 8.9 Enrichment Factors of Trace and Major Elements in Soils around Richmond 
 
Cadmium, Cu, and S were significantly elevated above the natural background levels and are 
likely to be related to emissions from the smelter. Copper is 32 times above SGVs while Cd and 
S (sulphate) are 2.5 and 12 times higher respectively (Table 8.2). Although Tl and Hg were also 
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significantly enriched in topsoil around Richmond area, the levels were still below international 
SGVs.  
 
Of the elements which show moderate enrichment above natural background levels, As is the 
only elements above SGVs. Because the land-use around Richmond is mostly agricultural, it is 
likely that soil ingestion as well as soil-plant pathway could pose potential human health risk to 
the local population. As is naturally high in the region however, any moderate enrichment is 
attributed to smelter emissions (Figure 8.9). The source-pathway-receptor analysis of the 
elements of concern is discussed in section 8.4.2 on media of the greatest concern.
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Table 8.2 Summary Table of the Richmond Area Soil Profiles Geochemistry 
Element Unit 
Clarke 
Value 
SGVs1 
Estimated 
NBLs2 
Richmond Soil 
X 
SGVs 
LBVR
3 Enrichment 
Factor4 
Element 
Al % 8.1 – 1.19 – 1.71 5–20cm 2.5 n/a 0.15 – 0.21 1.5 – 2.1 Al 
Sb ppm 0.20 – 0.7 – 0.95 5–20cm 5.29 n/a 3.5 – 4.76 5.6 – 7.6 Sb 
As ppm 1.8 20 13.1 – 19.5 0–5cm 41 2.05 7.28 – 10.8 2.1 – 3.1 As 
     5–20cm 112 5.6  5.8 – 8.6  
     20–35cm 23 1.15  1.2 – 1.8  
     35–50cm 16 0.8  0.8 – 1.2  
     50–65cm 16 0.8  0.8 – 1.2  
     65–80cm 18 0.9  0.9 – 1.4  
Ba ppm 425 – 67.7 – 83.3 5–20cm 137 n/a 0.16 – 0.2 1.6 – 2 Ba 
Be ppm 2.8 20 0.37 – 0.54 5–20cm 0.8 0.04 0.13 – 0.19 1.5 – 2.2 Be 
Bi ppm 0.17 – 0.10 – 0.16 5–20cm 1.61 n/a 0.59 – 0.94 10.1 – 16 Bi 
Cd ppm 0.2 1 0.21 – 0.41 0–5cm 1.05 1.05 1.05 – 2.04 2.6 – 5 Cd 
     5–20cm 2.53 2.53  6.2 – 12  
     20–35cm 0.97 0.97  2.4 – 4.6  
     35–50cm 0.27 0.27  0.7 – 1.3  
     50–65cm 0.19 0.19  0.5 – 0.9  
     65–80cm 0.23 0.23  0.6 – 1.1  
Cr ppm 100 100
5 11.5 – 21.3 5–20cm 20.5 0.21 0.12 – 0.21 1.0 – 1.8 Cr 
Co ppm 25 100 9.3 – 12.9 5–20cm 13 0.17 0.37 – 0.52 1.0 – 1.4 Co 
Cu ppm 55 100 54.6 – 81.9 0–5cm 1139 11.39 0.99 – 1.49 13.9 – 21 Cu 
     5–20cm 3193 31.93  39.0 – 59  
     20–35cm 371 3.71  4.5 – 6.8  
     35–50cm 88.9 0.89  1.1 – 1.6  
     50–65cm 71.1 0.71  0.9 – 1.3  
     65–80cm 78.1 0.78  1.0 – 1.4  
Au ppb 4 – 4.16 – 17.1 5–20cm 22.6 n/a 1.04 – 4.27 1.3 – 5.4 Au 
In ppm 0.1 – 0.03 – 0.04 5–20cm 0.11 n/a 0.32 – 0.4 2.8 – 3.4 In 
Fe % 6.6 – 2.84 – 4.29 5–20cm 4.32 n/a 0.43 – 0.65 1.0 – 1.5 Fe 
Pb ppm 12.5 300 11.3 – 17.6 0–5cm 58 0.19 0.9 -1.41 3.3 – 5.1 Pb 
     5–20cm 0.14   0.0 – 0.01  
     20–35cm 48 0.16  2.7 – 4.3  
     35–50cm 19 0.06  1.1 – 1.7  
     50–65cm 16 0.05  0.9 – 1.4  
     65–80cm 16 0.05  0.9 – 1.4  
Mn ppm 950 500 625 – 933 5–20cm 2419 4.84 0.66 – 0.98 2.6 – 3.9 Mn 
Hg ppb 8 8000 24.8 – 49.5 0–5cm 320 0.04 3.1 – 6.19 6.5 – 12.9 Hg 
     5–20cm 1207 0.15  24.4 – 49  
     20–35cm 290 0.04  5.9 – 11.7  
     35–50cm 56 0.01  1.1 – 2.3  
     50–65cm 33   0.7 – 1.3  
     65–80cm 46 0.01  0.9 – 1.9  
Mo ppm 1.5 – 0.83 – 1.21 5–20cm 4.77 n/a 0.55 – 0.8 4.0 – 5.8 Mo 
Ni ppm 75 50 7.31 – 9.84 5–20cm 12.4 0.25 0.1 – 0.13 1.3 – 1.7 Ni 
P % 0.13 – 0.08 – 0.12 5–20cm 0.14 n/a 0.62 – 0.94 1.1 – 1.8 P 
Re ppm 0.5 – 1 – 1 5–20cm 6.0 n/a 0 – 2 6.0 – 6 Re 
Se ppm 0.05 35 0.56 – 1.27 5–20cm 1.30 0.04 11.2 – 25.4 1.0 – 2.3 Se 
Ag ppb 70 – 61.9 – 100 5–20cm 960 n/a 0.88 – 1.43 9.6 – 15.5 Ag 
S % 0.3 0.06 0.07 – 0.13 5–20cm 0.73 12.17 0.23 – 0.42 5.8 – 10.4 S 
Tl ppm 0.45 – 0.04 – 0.05 5–20cm 0.38 n/a 0.09 – 0.12 7.1 – 9.5 Tl 
Th ppm 10 – 1.39 – 2.14 5–20cm 2.20 n/a 0.14 – 0.21 1.0 – 1.6 Th 
W ppm 1.5 – 0.073 – 0.1 5–20cm 0.35 n/a 0.05 – 0.07 3.5 – 4.8 W 
U ppm 2.7 – 0.75 – 1.14 5–20cm 0.95 n/a 0.28 – 0.42 0.8 – 1.3 U 
Zn ppm 70 200 75.6 – 108. 5–20cm 186 0.93 1.08 – 1.55 1.7 -2.5 Zn 
Notes: 
1 S.G.V. = Soil Guideline Value;  
2 Estimated N.B.L. = Estimated Natural Background Level from samples over 50 cm deep, mean and 95 percentile values were 
used to form a range of possible local background;  
3Local Background Variation Ratio, calculated as the product of the local natural background levels over the Clarke 
values ValueClarke
LBNEstimated
.
...
; 
4 Enrichment Factor is a ratio calculated as the Richmond soil concentration over local natural background level; 
5as Cr6+  
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8.2.4 Air 
Unlike other mining operations, contamination from smelters is likely to be mainly airborne and 
may cause adverse effects over the long term especially in agricultural areas (Ettler et al., 2005b). 
Air quality monitoring is therefore crucial in the environmental management of Richmond.  
 
There are six point sources of airborne emissions from the Richmond smelter: 
1. The acid plant chimney; 
2. The hot chimney (for gases from the sludge cleaning furnace); 
3. The cool chimney (for fugitive gases from the Flash Furnace); 
4. The drying vapour chimney (for drying concentrate); 
5. The refining furnace chimney No.1; 
6. The refining furnace chimney No.2; 
Sampling of particulate matter (PM) and SO2 are available for all chimneys and same typical 
monitoring data are presented in Table 8.3 and Figure 8.10 
 
Table 8.3 Emissions from the Richmond Smelter (based on Feb 2007 data) 
 Unit 
Acid 
Plant 
Hot 
Chimney 
Cold 
Chimney 
Drying 
Vapor 
Refine 
No.1 
Refine 
No.2 
Annual 
Total 
Temp ºC 62 39 41 115 145 149  
PM Conc mg/m³ 68.4 82.2 77.2 253.8 152.9 148.6  
Gas volume m³/h 154.5-184 37.6-44 162.8-184 13.7-31 64.6-98 58.6-88  
Total PM kg/h 10.6-12.6 3.1-3.6 12.6-14.2 3.5-7.9 9.9-15 8.7-13.1  
SO2 ppm Vol 156.0 21.0 197.0 0 42.8 83.8  
Gas velocity m/s 7.2 3.2 13.4 7.6 7.5 6.8  
Gas humidity % Vol 0.9 4.9 1.8 115.0 2.4 1.5  
Total SO2 (1) kg/h 24.1-28.8 0.8-0.9 32.1-36.2 0 2.8-4.2 4.9-7.4  
Annual SO2 T/y 211-252 6.9-8 281-317 0 24.2-37 43-65 566-679 
Annual PM T/y 93-110.5 27-32 110-124.2 30.5-69 87-131 76-115 423-582 
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Figure 8.10 PM and SO2 Emissions from Six Point Sources in Richmond Smelter (based on 
2007 data) 
 
The Richmond smelter releases between 423 to 582t of particulate matter (PM) and 566 to 679t 
of SO2 annually to the atmosphere. Acid plant and cold chimneys contribute most of the 
emissions of PM and SO2 together accounting for 44% and 85% of PM and SO2 emissions 
respectively. Most of the PM is deposited locally. Smelter particles have been reported up to 10s 
of km from the smelter source, even in the non-prominent wind direction (Ek et al., 2001, 
Allen-Gil et al., 2003, Johnson and Hale, 2004). The area of greatest concern is selected and 
monitored based on the population potentially exposed as there are a few villages/settlements 
around Richmond smelter. 
 
There are four air quality monitoring stations (AQMS) around Richmond (Figure 8.11). AQMS 2 
and 4 collect 24-hour non-accumulative exposure readings for PM10 every 3 days. The historical 
monitoring records of AQMS 2 and 4 from 1993 to 2006 are presented in Figure 8.12.  
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8 Km “W”
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AQMS 2
3 Km “N”
AQMS 3
3 Km “NE”
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7 Km “E”
Laws, Policies 
Regulations
Control Centre
Action - Headquarters
 
Figure 8.11 Richmond Air Quality Monitoring System 
 
 
Both monitoring stations recorded much higher PM10 levels before 1996 (Figure 8.12) whereas 
in 1995, the heavy metal concentrations in PM10 emissions were worse than other years (Figure 
8.13 and Figure 8.14). The decrease in PM10 and heavy metal concentrations are thought to 
reflect the installation of the new Outokompu flash furnace. The heavy metals in the PM10 have 
been reduced since 1995 at the AQMS 2 monitoring station whereas at AQMS 4, Cu 
concentrations in the PM10 recorded high levels again in March, 2001. In general, trace element 
concentrations have been relatively stable and consistent at the two stations since 1996. 
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Figure 8.12 PM10 measures from AQMS 2 and AQMS 4 (1993 to 2006) 
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Figure 8.13 Monitoring Data of Cu, As, Zn, Pb, Mn, Cd Hg and Mo Concentrations in PM10 at AQMS 2 
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Figure 8.14 Monitoring Data of Cu, As, Zn, Pb, Mn, Cd Hg and Mo Concentrations in PM10 at AQMS 4
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8.3. Aims and Objectives of the Case Study 
This study aimed to carry out an environmental and human health risk assessment using the 
available data on chemicals in Richmond to identify, reduce, remediate and manage any potential 
risks from the Cu smelting processes. The data collected (in Tier 1 – part 1) demonstrated site 
specific settings as well as levels of potentially hazardous chemicals in soil, water and air. 
Moreover, the data provide a good basis for further risk screening, prioritisation and analysis. 
The following objectives were identified: 
 
Tier 1 – part 2 
a) Identification of chemicals of greatest concern in the Richmond area using the 
Chemicals of Greatest Concern (CGC) method; 
 
b) Identification of media of greatest concern in the Richmond area using the Media of 
Greatest Concern (MGC) method; 
 
Tier 2 
c) Assessment of the human exposure pathways through the priority media identified by the 
b) MGC procedures; 
 
d) Assessment of the toxicities of the list of chemicals identified through the a) CGC 
procedures; 
 
e) Characterisation of both carcinogenic and non-carcinogenic risks based on quantitative 
exposure and toxicity assessment; 
 
f) Preparation of remediation strategies based on the identification of the risk 
characterisation. 
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8.4. Data Evaluation 
The two methods developed in this study (Chapter 4) were used for the data evaluation, namely: 
  CGC, which focuses mainly on the chemical risks to the environment; and 
  MGC, for both environmental and human health exposure. 
8.4.1 Chemicals of Greatest Concern (CGC) 
On the basis of the outcomes from the previous part of the study (section 8.2), a schematic 
chemicals input and output diagram of Richmond was developed (Figure 8.15). Only Cu anode 
is produced at Richmond and other major and trace elements emitted are presented as minor 
components of the copper sulphide concentrate. They are emitted either as dust or incorporated 
in silicate glass and minerals such as wollastonite (CaSiO3) during the smelting process(Li, 
2001). Because of the large number of major and trace elements presented in the input/output 
system of Richmond, a screening and prioritisation procedure was used to rank the chemicals 
based on their concentration, quantity, use pattern and eco-toxicity. The chemicals most likely to 
contribute significantly to risks calculated for the exposure scenarios were identified, so that risk 
assessment could be focused on the “most significant” chemicals. The calculated risk scores at 
this stage of the process do not represent the risks of the chemicals to human health because no 
human health exposure and toxicity assessments were conducted at this stage.  
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Richmond Smelter
Operations
Concentrate
(657,000t/y): Al2O3, 
Cu, CaO, Fe, K2O, 
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SiO2, Ag, As, Au, Bi, 
Cd, Cl, Co, F, Hg, Mo, 
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Steam.
Dust: PM
Scrap Major and trace 
elements  
Figure 8.15 Chemicals Input/Output Diagram of the Richmond Smelter 
 
 
8.4.1.1 Assumptions of the Study 
Previous studies of trace element partitioning using sequential extraction show chemical species 
can differ from smelter to smelter depending on differences in smelting technology and slag 
characteristics such as mineralogy (Chopin and Alloway, 2007). Most such studies on smelters 
indicate that only 20% of trace elements were found in the residual fraction (Ettler et al., 2005b, 
Tongtavee et al., 2005, Adamo, 1996, Burt, 2003, Kabala, 2001, Li, 2001). At Rouyn Noranda,  
Quebec, Canada, a different smelting process (Noranda Reactor
 20
) is used (31% Cu is in the 
residual fraction, 29% in organic matter bound fraction, 17% in Fe-Mn oxide bound fraction, 
23% in other fractions (Adamo, 1996)). In contrast, trace element levels were much lower in 
exchangeable fractions from the smelters using the Flash Furnace Outokumpu process (Chopin 
and Alloway, 2007, Kaasalainen and Yli-Halla, 2003). For example, Kaasalainen and Yli-Halla‟s 
                                                        
20 In the late 1960s, Noranda developed a continuous copper-making process using a single furnace (the Noranda Reactor). This 
reactor is a horizontal cylinder in which roasting, smelting and converting operations are combined. 
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study on Harjavalta smelter, Finland, showed 83-93% of trace elements were in the combined 
oxides bound and residual fractions whereas Chopin and Alloway (2007) found that levels in the 
more mobile fractions of soils (water soluble and exchangeable fractions) were negligible (0.1% 
As, 0.3% Cu, 2.3% Pb, 1.2% Zn) in Tharsis, SW Spain. Trace elements present in soils at Tharsis 
are therefore largely immobile and should remain so since trace elements are not expected to be 
released from the residual fraction into soil solution over a reasonable time span under natural 
conditions (Tessier et al., 1979). Trace elements in soils at Tharsis are therefore unlikely to create 
an environmental problem. Despite the fact that Richmond uses the same Flash Furnace 
Outokumpu process as at Harijavalta and Tharsis, the worst case scenario is used for risk 
assessment in this study unless sufficient trace element partitioning has been confirmed by 
further research using sequential extractions.  
 
The key assumptions used in this part of the screening and prioritisation procedure are: 
 The substance‟s toxicity classification is based on the lowest Lethal Concentration of killing 
50% of the test population (LC50) value from the ECOTOX database. 
 LC50 data are from aquatic 96 hours tests whereas the Non-Observed Effect Concentration 
(NOEC) values are from aquatic 60 days‟. 
 The eco-toxicity classification is based on the criteria set out in Annex XII of REACH 
(REACH, 2007) and the cut-off values used in DYNAMEC, OSPAR (OSPAR Commission, 
2006). 
 The persistent (P) and bioaccumulative (B) properties of chemical substances are included in 
the procedure but do not directly affect the final scores. In this proposed screening and 
prioritisation procedure, P and B properties are considered only when two chemical 
substances with same the scores are compared.  
 The levels of persistence and bio-accumulation are based on the criteria set out in Annex XII 
 230 
of REACH (REACH, 2007) and the cut-off values used in DYNAMEC, OSPAR (OSPAR 
Commission, 2006). 
 The primary soluble and secondary substances are identified using available site specific 
data and literature reviews. The solubility data in this study are in grams per 100 ml water at 
20°C.  
 In the case of naturally occurring substances released by mining, the substance is screened 
out if it is insoluble in water and if the eco-toxicity data are not available in ECOTOX. 
 The annual potential Cu emissions are estimated using the following formula: 
Potential Cu Emissions = Input Cu in concentrate – Cu in slag – Cu produced – Captured Cu 
dust. 
 The potential annual emissions of other trace and major elements (except SiO2 and S) are 
estimated using the following formula: 
Potential emission = Input in concentrate – output in slag – Quantity captured in dust 
 The trace element capture rate of trace elements in dust is calculated to be 85% based on the 
mass balance of As in Richmond; 
 The annual As emissions are estimated to be just below 100t based on the consent level from 
the Richmond smelter. As(III) and As(V) in PM10 from the Cu smelter are estimated to be 
15 -21% and 79-85% respectively (Sanchez-Rodas et al., 2007). 
 Lead emissions from the smelters have been shown to consist of Pb sulphate (PbSO4), Pb 
sulphide (PbS), Pb monoxide (PbO) and Pb oxysulphate (PbO.PbSO4) (Foster, 1980, 
Clevenger, 1991). There are variations in the composition of the Pb containing particulate 
matters depending on the types of furnace and filtering technology used. 
 The chemical speciation of Cu in aerosols is generally poorly studied. Copper emitted into 
the atmosphere is often as particulate matter in its elemental, oxide and/or carbonate form 
(Nriagu, 1979, ATSDR, 2004a). 
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 The most important species of Hg from combustion sources are oxidized mercury (Hg2+) and 
elemental mercury (Hg) (Park et al., 2007, Knightes, 2008). 
 For other trace elements, see APPENDIX F – 1. 
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Figure 8.16 Using Cadmium Sulphide (CdS) as an Example for Demonstrating CGC 
Algorithm 
 
As 
Sulphides
Can the PBT 
properties of 
the substance 
be assessed on 
the basis of the 
hazard or risk 
assessment?
Has the 
substance been 
subject to a 
formal hazard or 
risk assessment, 
or is currently 
being assessed?
Has the 
substance been 
listed as a priority 
chemical in the 
EU or in other 
international 
jurisdictions?
Yes
Yes
No
No
No
No
No
YesThe substance includes 
an essential element?
> Local natural 
background level?
Yes
Yes
Monitoring data 
available?
No
1. Identify primary 
soluble/ dissociated 
species following 
dissolution under 
relevant ambient 
environmental 
conditions;
2. Identify secondary 
transformation 
species, under 
relevant ambient 
environmental 
conditions;
3. Rank identified primary 
and secondary species 
according to chronic or 
acute toxicity test values. 
Identify chemical species 
of concern (SoC) with 
lowest value;
4. Measure/estimate 
solubility of parent 
substance under a 
range of relevant 
environmental 
conditions (use worst 
case solubility value).
AsS
Solubility: low
LC50: 153-354 ug/L
NOEL: N/A
CdSO4
Solubility: 75.5g
LC50: 2.4-32000 ug/L
NOEL: 5-5.3 ug/L
CdCl2
Solubility: high
LC50: 0.5-405000 ug/L
NOEL: 1.7-4.1 ug/L
Elemental Cd
Solubility: low
LC50: 0.1-21800 ug/L
NOEL: 14.8 ug/L
CdO
Solubility: low
LC50: 7029-10470 ug/L
NOEL: 14.8 ug/L
Screen 
substance 
OUT
Is:
Acute toxicity test value:     < = 0.01 mg/l               0.01 to <= 1 mg/l                     > 1 mg/l
Chronic toxicity test value:  < = 0.001 mg/l             0.001 to <= 0.1 mg/l                > 0.1 mg/l
Categorise as T1
CdCl2, CdSO4,
Elemental Cd
Categorise as T2 Categorise as T3
Is SoC persistent? Half-life in:
-Water > 2 months
-Soil > 6 months
-Sediment > 6 months
Treat as inherently 
persistent and 
categorise as
P and T
Categorise 
substance 
as P and T
Categorise 
substance only 
on toxicity
Is substance organo-metallic etc or a metal - containing inorganic?
Yes
Yes
No
No
 
 
Through Step 1 – substance analysis and screening procedure, CdS and CdO are screened out whereas 
CdSO4, CdCl2 and elemental Cd are passed further down to Step 2 for scoring and thus prioritisation (see 
Figure 8.17) based on their Q, U, M and E parameters. 
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Figure 8.17 (Continuous from Figure 8.16) 
 
8.4.1.2 Results from CGC 
According to the Richmond Input-Output diagram, 19 inorganic chemicals were input directly 
into the Richmond smelter operations and these were filtered using the CGC procedures 
described in Chapter 4, section 4.2.2 (examples are shown in Figure 8.16 and  
 
Figure 8.17). In addition, 47 chemical substances were identified in the screening procedure as 
the potential primary and secondary substances formed as a result of physical/chemical reactions 
such as oxidation, reduction. The list of primary and secondary chemicals likely to be of concern 
in Richmond was based on site visits and literature reviews. A complete list of 66 inorganic 
CdSO4
Quantity: <1 t 
Use patterns: formed 
in soil and water
Monitoring data:
Max. soil Conc. 
above SGVs.
Max. surface water 
Conc. Above 
FWGVs
Effect Score E
T1 ------ 100
Priority index
(Risk indicator)
Q x U x E = 
1 x 10 x 100 =
1000
M = 70
(persistent and 
toxic)
 
 
Same calculation applies to CdCl2, and elemental Cd: 
 
CdCl2 = Q x U x E = 1 x 10 x 100 = 1000; M = 70 (persistent and toxic); 
 
Elemental Cd = Q x U x E = 1 x 10 x 100 = 1000; M = 70; (Elemental Cd is likely to be formed during 
smelting process and emitted through stack emissions, however, because of its very reactivity, it is likely to be 
oxidised and form CdO therefore less toxic) 
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substances was therefore generated by combining 19 parent chemicals and 47 primary and 
secondary substances. 
 
On the basis of available quantitative data and the assumptions listed above, the following 
substances were identified as high priority substances for further risk analysis at Richmond. 
Both monitoring data scores and quantity-use pattern scores were used where applicable (Table 
8.4). Of these substances evaluated, primary and secondary soluble Cd species (e.g., Cd sulphate 
and chloride), Hg inorganic species and soluble Cu species (e.g. Cu chloride and sulphate) were 
given the highest scores, due to their high eco-toxicity and relatively high potential and quantity 
of exposure. The priority substances identified and their scores are given in Table 8.4.  
 
Table 8.4 Priority Inorganic Substances in the Richmond Operations 
No. Chemical Name 
Potential 
Source/Pathway 
Q U M T Scores 
1 
Cadmium Sulphate 
Secondary transformation 
species/Soil and water 
1 10 
70 
P & T (T1) 
100 
1000 
Cadmium Chloride 
Secondary transformation 
species/Soil and water 
1 10 
P & T (T1) 
100 
1000 
Elemental Cadmium 
Stack emission and slag 
dump/Air and soil 
1 10 
T (T1) 
100 
1000 
2 
Elemental Mercury 
Stack emission and slag 
dump/Air and soil 
1 10 
70 
P & T (T1) 
100 
1000 
Mercury (II) 
Chloride 
Secondary transformation 
species/Soil and water 
1 10 
P & T (T1) 
100 
1000 
Mercury (II) Oxide 
Stack emission and slag 
dump/Air and soil 
1 10 
P & T (T1) 
100 
1000 
3 
Soluble Copper* 
Cu
2+
in concentrate 
Drying stack emission/Air and 
soil 
10 1 70 
P & T (T1 or 
T2)$ 20 - 100 
200 
-1000 
4 
Arsenic(III) 
e.g.,AsCl3, As2O3 
Stack emission and slag 
dump/Air and soil 
3 10 70 
P & T (T2) 
20 
600 
5 Lead Sulphate 
Stack emission and slag 
dump/Soil and water 
1-3 10 70 
P & T (T2) 
20 
200 
-600 
6 Zinc Chloride 
Secondary transformation 
species /Soil and water 
1-3 10 
70 
P & T (T2) 
20 
200 
-600 
7 Zinc Sulphate 
Secondary transformation 
species/Soil and water 
1-3 10 
P & T (T2) 
20 
200 
-600 
* Soluble Cu species exist in Cu concentrate. 
$  Depends on the soluble Cu species in the concentrate, i.e. Cu chloride or Cu sulphate etc. 
 
The substances selected and presented in Table 8.4 should all be regarded as high priority 
substances at Richmond. The levels of risk from exposure to these chemicals in the list of highest 
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concern were further quantified in the Tier 2 quantitative human risk assessment on the basis of 
source-pathway-receptor modelling. 
8.4.2 Media of Greatest Concern (MGC) 
The general framework for risk assessment based on the risk filtering, ranking and management 
framework was developed initially by Haimes et al (2002). In this study, the risk assessment 
methodology developed with particular reference to natural inorganic chemicals in mining 
operations is summarised in Figure 8.18. The general method consists of a series of analytical 
procedures with procedure selected in relation to the nature of particular environmental and 
human health risks at different stages of the smelting processes. The framework is intended to 
identify the media of concern in the Richmond area to make environmental management more 
focused and effective. The detailed procedures were discussed in Chapter 4, section 4.2.3 and the 
results are discussed in the following sections. 
1.Conceptual Model
2.Hazard Identification
4.Risk Communication
/Resource allocation
3.1 Step I. Scenario 
filtering
3. Hazard Assessment 
(prioritisation)
3.2 Step 2. Bi-criteria 
filtering and ranking 
3.3 Step 3. Multi-
Criteria Analysis 
 
Figure 8.18 Risk Analysis Framework for Richmond Smelter Operations 
 
 
8.4.2.1 Conceptual Model 
A graphical conceptual model was used to assess the impacts of the Richmond smelting 
operations on the receiving environment (Figure 8.19). 
Starting 
Point 
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Figure 8.19 Conceptual Model of Richmond Smelter 
 
Here, the term source of risk describes the origin of the hazard, for example the slag dump, furnace 
stacks and waste water from operational uses; the pathway is the route by which the hazard reaches 
a receiving receptor (e.g. airborne particulate matter from stacks as well as fine windborne 
particles from the slag dump to surface soil and water that increase the certain potentially harmful 
chemical concentrations in these media). This has the potential to affect flora and fauna as well as 
species at trophic levels higher up the food chain especially these which are unable to tolerate rises 
in the levels of heavy metals.  
 
8.4.2.2 Hazard Identification 
In order to focus on the risks linked to the inorganic chemicals released by the Richmond smelter, 
a framework was constructed to identify two basic structural components of Hierarchical 
Holographic Modelling (HHM). First, the „head‟ topics were considered including the major 
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visions, concepts and perspectives for dealing with risk. In the case study, the following „head‟ 
topics were identified according to the current operations structure (Figure 8.20).  
 The Smelter – which involves Cu concentrate smelting and converting and refining the 
concentrate to Cu Anode; 
 The Waste Management Facility – which invloves mainly slag disposal and stack and 
furnace cleaning waste management; 
 The Auxiliary Plant – including all the plants dealing with operations other than Cu smelting 
and waste management facilities such as the office, laboratory and sewage treatment works. 
 
The three „head‟ topics do not represent a comprehensive model of risk for the Richmond 
smelting operation; however, they provide an adequate starting point for identifying a wide array 
of significant, possible risk scenarios. 
 
Second, the subtopics, which provide a more detailed classification of operations were developed. 
Each subtopic corresponds to a class of risk scenarios, namely, those that impact on the operation. 
In this sense, each class of operation was also considered as a „source of risk‟. At the Richmond 
smelter, the system decomposition could be done logically following the processing sequences 
for Cu concentrate. For example, the smelting process involves drying, processing in a flash 
furnace, followed by a slag cleaning furnace to recover Cu, conversion and refining operations. 
Figure 8.20 gives a master list for Richmond smelter‟s operations in relation to the potential 
receptors that could be affected by it:  
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Smelter
Dry
Slag 
Management
Flash
Furnace
Slag Recovery
Furnace
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Refining
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Water
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Auxiliary/
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Sewage
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Water Supply
Recycle System
Storage
Waste
Management
Acid Plant
Furnace
Cleaning Waste
Stack
Cleaning Waste
D
1
2
3
4
5
6
 
Figure 8.20 Master List - HHM framework for Richmond Smelter Chemical Risk 
Identification (each subtopic could be identified by its X and Y coordinates e.g. Dry is A1, Sewage 
Treatment is C3, etc) 
 
Finally, the different receptors were identified and grouped together under head topic „Receptor‟ 
(Figure 8.20). Initially, water, soil and air were viewed as receptors. Their functions as pathways 
are considered later in step 3 of hazardous assessment. 
 
One of the most common phenomena in system decomposition is the identification of 
overlapping subsystems (Haimes, 1998). During modelling of large-scale and complex systems, 
more than one mathematical or conceptual model is likely to emerge. Each model may focus on 
a specific aspect of the system, yet all may be regarded as acceptable representations of the 
system. Consequently, decomposing a system often presents a dilemma over the choice of 
subsystems (Haimes, 1998). The phenomenon of overlapping decomposition may complicate 
hierarchical analysis; although it can provide improved understanding of the synergies in the 
Y 
X 
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overall system and its different sources of risk and uncertainty. A representation of two 
overlapping subsystems is shown Figure 8.21: 
Receptor
SoilWater
Occupational
Health
Air Ecology
Community
Health
D
Sources 
Of Risk
Smelter
A
Dry
Flash
Furnace
Slag Recovery
Furnace
Conversion &
Refining
Acid Plant
 
Figure 8.21 Smelting Operations Impact Submodel 
 
Each subtopic from each subsystem was selected and combined to generate a specific scenario as 
a source of risk. In the following text, scenarios and sources of risk are sometimes 
interchangeable. Any environmental and human health risks under such a scenario were 
generated and recorded. For example, Table 8.5 shows all of the risks identified for six different 
receptors viz, water, soil, air, workers, residents and ecosystem associated with „the Flash 
Furnace‟ operation (Figure 8.21). During the next stage, the whole list of potential risks from 
different combinations was filtered. A detailed example demonstrating the full process of 
identifying MGC is shown in Figure 8.22. 
Table 8.5 Examples of Scenario / Source of Risk Identification 
Factor 
1 
Factor 
2 
Risks 
A2 D1 
Dust and heavy metals deposition on surface water (3 channels and 
Yong river) 
A2 D2 Dust and heavy metals deposition on soil around Richmond 
A2 D3 Dust, heavy metals and SO2 from cold chimney 
A2 D4 Inhalations of heavy metals and SO2 
A2 D5 Inhalations of heavy metals and SO2 
A2 D6 
Inhalations, ingestion and plant uptake of heavy metals. Inhalation of 
SO2 
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Figure 8.22 Example of using MGC Procedures 
Using Flash Furnace as an example, after the decomposition of the Richmond smelter operational systems, 
the following potential sources of risk associated with the six different receptors viz, water, soil, air, workers, 
residents and ecosystem were identified (Table 8.5 and the Table A below). 
 
Table A Examples of Scenario / Source of Risk Identification 
Factor 
1 
Factor 
2 
Risks 
A2 D1 Dust and heavy metals deposition on surface water (3 channels and Yong river) 
A2 D2 Dust and heavy metals deposition on soil around Richmond 
A2 D3 Dust, heavy metals and SO2 from cold chimney 
A2 D4 Inhalations of heavy metals and SO2 
A2 D5 Inhalations of heavy metals and SO2 
A2 D6 Inhalations, ingestion and plant uptake of heavy metals. Inhalation of SO2 
 
Because all six risks identified were chemical related, therefore, all of them were passed through the Step 
1-scenario filtering and down to Step 2-bi-criteria screening (Table B). 
 
Table B Bi-Criteria Filtering and Ranking 
Factor 1 Factor 2 Frequency Magnitude Severity 
A2 D1 5 2 3 
A2 D2 5 4 4 
A2 D3 5 4 4 
A2 D4 5 2 3 
A2 D5 5 3 4 
A2 D6 5 3 4 
 
All of the six potential risks were scored > 2, therefore all entered into the Step 3-Multi-Criteria Analysis 
(Table C) 
 
Table C Multi-Criteria Analysis 
Criteria 
A2 A2 A2 A2 A2 A2 
D1 D2 D3 D4 D5 D6 
Chemical source 
composition 
high (10) high (10) high (10) high (10) high (10) high (10) 
Chemical source volume Low (1) 
low to 
medium (3) 
high (10) 
medium to 
high (8) 
high (10) high (10) 
Chemical 
bioavailability/bioaccessbility 
medium to 
high (8) 
medium to 
high (8) 
medium to 
high (8) 
medium to 
high (8) 
medium to 
high (8) 
medium to 
high (8) 
Media chemical 
concentration 
low to 
medium (3) 
medium to 
high (7) 
medium (5) high (10) 
low to 
medium (3) 
high (10) 
Persistence of media 
chemical 
high (10) high (10) medium (5) high (10) high (10) high (10) 
Undetectability Low (1) low (1) low (1) low (1) low (1) low (1) 
Uncontrollability Medium (5) medium (5) medium (5) medium (5) medium (5) medium (5) 
Duration of effect high (10) high (10) high (10) high (10) high (10) high (10) 
Cascading effects medium (5) medium (5) 
medium to 
high (8) 
low (1) low (1) medium (5) 
Irreversibility low (1) medium (5) low (1) medium (5) medium (5) medium (5) 
„Media chemical concentration‟ was given a weight of 2 whereas the rest of criteria were all equally weighted 
(1). The final score for each potential source of risk could be calculated by summing up the scores in the 
column with weight applied accordingly.  
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A good hazard identification and assessment phase makes use of as many tools as possible, to 
develop as complete a list as possible. By using HHM and the different combination of 
overlapping subsystems, a list of 60 sources of risk was identified for the Richmond smelter 
operations (see APPENDIX F - 2).  
 
8.4.2.3 Hazard Assessment (Prioritisation)  
Step 1 – Scenario Filtering 
The sources of risks were identified with particular focus on the chemicals used or present in 
different subsystems, so that, the preliminary screening based on scope, temporal domain and 
levels of decision making can be omitted. 
Step 2 – Bi-Criteria Filtering 
In the further bi-criteria filtering, sources of risk with severity levels of 1 (low) or 2 (moderate) 
were screened out of the list thereby reducing the number of sources of risk from 60 to 35 (see 
APPENDIX F – 2). The remaining list was then re-analysed according to 6 receptors and 5 
modes of operations. Those falling in the low and moderate severity boxes were filtered out and 
set aside for consideration later. The results from the bi-criteria filtering (Figure 8.23) show that 
most of „extremely high‟ and „high‟ risks are in the smelter operations which contributes nearly 
70% of total („high‟ and „extremely high‟) risks to the environment and human health in the 
Richmond area whereas the waste management facilities contribute relatively low levels of risk. 
Impacts from auxiliary plant, offices and laboratories are insignificant.  
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Figure 8.23 Levels of Severity of Risks from Five Major Operations 
 
Categorising risk according to six important receptors in the Richmond area (Figure 8.24), in 
terms of the number of risks, smelting operations present most of the sources of risks likely to 
impact on air, soil and community health. The severity of any potential impact from the smelter 
on air and soil quality and the consequence effects on the other four receptors is much more 
significant than for the other operations (i.e. waste management facilities). No significant risks to 
air, soil and community health are identified from the auxiliary/office/laboratories.  
 
0 2 4 6 8
Water
Soil
Air
Occupational Health
Community Health
Ecology
Number of Matches between Operations and Receptors
Smelter
Waste Management
Facility
Auxiliary
 
Figure 8.24 Distributions of Risks from Major Operations over Six Receptors 
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Step 3 – Multi-criteria Filtering 
In step 3, the process was taken one step further by reflecting each scenario‟s actual properties 
and the ability to defeat three defensive properties of the underlying system namely, resilience, 
robustness and redundancy (Haimes et al., 1997). The criteria reflected the level of potential 
exposure or contamination (criteria 1 – 5) as well as the ability of defeating the defensive 
properties (criteria 6 – 10). The first 5 criteria aimed to assess the key chemical‟s bioavailability, 
toxicity, potential exposure volume and persistence in the exposure media. As a further aid at this 
stage of the process, it maybe helpful to rate the scenario of interest as „High‟, „Medium‟ or 
„Low‟ against each criterion. There were also numeric ratings (0 – 10) associated with levels of 
significance based on the data in Table 8.6. 
Table 8.6 Rating and Weighting Risk Scenarios in Step 3 against the 10 Criteria 
Criterion Weight High (10) Medium (5) Low (1) 
Not 
Applicable (0) 
Chemical source 
composition 
1 
with Cd, Cu, As, Pb, 
Hg and Zn 
with Ni, Mn, Fe, Tl, 
sulphate, nitrate, 
nitrite and ammonia 
without those 
chemicals indicate in 
High and Medium 
Not applicable 
Chemical source 
volume 
1 
>1000 tonnes or > 
1000 m³ 
> 10 t < 1000 t, >10 < 
1000 m³ 
<10 t, < 10 m³ Not applicable 
Chemical 
bioavailability 
/bioaccessibility 
1 
mostly 
exchangeable and 
carbonate  
mix of low and high 
fractions 
Sulphides or bounded 
to organic colloidal/ 
Fe, Mn hydroxide. 
Not applicable 
Media chemical 
concentration 
2 
mostly over 
legislated guideline 
values 
generally below 
guideline values with 
few hot spot 
all below Not applicable 
Persistence of 
media chemical 
1 
chemicals will stay 
as it was for quite a 
long period of time 
e.g. in years 
there is natural 
reduction going on 
but slow e.g., in 
months 
chemical will be 
leached out of the 
system very fast (in 
days) 
Not applicable 
Undetectability 1 
Unknown or 
undetectable 
Late detection Early detection Not applicable 
Uncontrollability 1 
Unknown or 
uncontrollable 
Imperfect control Easily controlled Not applicable 
Duration of 
effect 
1 
Unknown or long 
duration 
Medium duration short duration Not applicable 
Cascading 
effects 
1 
Unknown or many 
cascading effects 
Few cascading 
effects 
No cascading effects Not applicable 
Irreversibility 1 
Unknown or no 
reversibility 
Partial reversibility Reversible Not applicable 
 
Each of the 35 sources of risk was assigned a score against each criterion (Table 8.6). In order to 
reflect risk priority as well as distinguishing extremely high risks from high risks, a weight of 2 
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was added to the criterion – „media chemical concentration‟. The weight represents the urgency 
of dealing with (or preventing) the particular scenario /source of risks; so that the final score of 
each source of risk ranges from 0 to 110. The final scores were then divided into three categories: 
High risk (>=65), Moderate risk (>=40 but <65) and Low risk (<40). Twenty high risks were 
identified with the top 5 highest listed in Table 8.7. The distributions of high risks are listed in 
Table 8.8 and shown in Figure 8.25.  
 
Table 8.7 Scenario/Sources of Risk with Highest Scores (Top 5) 
No. Sources of Risk 
Exposure 
pathway 
Risk 
Scores 
1 
Leaching of heavy metals and other anions (e.g. SO4) from 
furnace cleaning waste dump to groundwater 
Groundwater 87 
2 
Inhalation of SO2, ingestion of heavy metals by animals and 
plant uptake of heavy metals from flash furnace.  
Air and soil 84 
3 
Inhalation of SO2, ingestion of heavy metals by animals and 
plant uptake of heavy metals from conversion and refinery. 
Air and soil 82 
4 
Inhalation of SO2, ingestion of heavy metals by animals and 
plant uptake of heavy metals from acid plant. 
Air and soil 81 
5 Inhalations of heavy metals and SO2 by workers on site. Air 78 
 
 
Table 8.8 Final Scores for Six Receptors 
Receptor Risk level No. of risks 
No. of high 
risks 
Water 61.8 6 1 
Soil 70.2 6 5 
Air 66 6 4 
Occupational health 71.4 5 4 
Community health 60 6 1 
Ecology 73.8 6 5 
 
 
Most of the high risks are on soil, air, workers on the site and the local environment. Although 
occupational exposure is of concern, there is a rigorous health and safety programme involving 
minimising exposure and monitoring of staff. If hazardous chemicals are emitted which cross the 
operations boundary, it is more difficult to detect, control and remediate them. 
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Figure 8.25 Levels of Risks among Six Receptors 
 
 
In the first part of the risk assessment exercise, water, soil and air were treated as receptors for 
simplicity, although they are also crucial environmental and human health exposure pathways. 
The risks associated with workers (Occupational health), communities (Community health) and 
ecosystems (Ecology) were therefore re-classified according to the actual routes of exposure (e.g. 
inhalation of gases/aerosols, ingestion of food, water, soil or dermal contact). Consequently, the 
sources of risks were regrouped in relation to the four exposure pathways: surface water, ground 
water, soil and air (Figure 8.26). The spider diagram (Figure 8.26) shows that most of the risks to 
human health and environment from inorganic chemicals emitted by the Richmond smelter are 
associated with the soil and air exposure routes. Although there are several risks to surface water 
around the Richmond smelter, none of them is significantly high. Almost all of the high risks are 
via soil and air which is consistent with the results of bi-criteria filtering (Figure 8.24). The 
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number of risks posed by groundwater is small (only 2) but for one of them (As in groundwater 
near the old furnace cleaning waste dump) the score is high. The high score for groundwater as 
an exposure pathway is also partly due to the difficulties in detecting, remediating and 
controlling emissions to groundwater. Nevertheless, heavy metals levels in groundwater on the 
Richmond operational site are closely monitored. The visualisation of levels of risks associated 
with receptors and exposure pathways gives a clear prioritisation of actions to be taken in the 
next step in quantitative risk assessment as well as for risk reduction and remediation. 
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Figure 8.26 Levels of Risk in Four Exposure Media 
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8.5 Human Health Exposure Assessment 
The aim of the exposure assessment is to estimate the type and magnitude of human exposures to 
the chemicals of potential concern that are present at or migrating from the Richmond site. The 
results of the exposure assessment are combined with chemical-specific toxicity information to 
characterize the potential risks.  
Exposure is defined as the contact of an organism (humans in the case of health risk assessment) 
with a chemical or physical agent (U.S.EPA, 1992). The magnitude of exposure is determined by 
measuring or estimating the amount of an agent available at the exchange boundaries (i.e. the 
lungs, skin, gut) during a specified time period. Exposure assessment is the determination or 
estimation (qualitative or quantitative) of the magnitude, frequency, duration and route of 
exposure. The exposure assessment comprises two steps: step 1-Identification of exposure 
pathways and step 2-quantification of exposure using probabilistic risk assessment (PRA). 
8.5.1 Step 1 Identification of Exposure Pathways; 
According to the U.S. EPA (1992), an exposure pathway generally consists of four elements: (1) 
a source and mechanism of chemical release, (2) a retention or transport medium (i.e. the results 
from section 8.4.2 MGC), (3) a point of potential human contact with the contaminated medium 
(referred to as the exposure point) and (4) an exposure route (e.g. ingestion) at the contact point. 
A pathway is complete if there is (a) a source or chemical release from a source, (b) an exposure 
point where contact can occur, and (c) and exposure route by which contact can occur. Otherwise 
the pathway is incomplete, for example in the situation where there is a source releasing to air 
but there are no people nearby. Based on the results of the study of MGC at the Richmond 
smelter operation in Tier 1 (section 8.4.2), the major potential exposure pathways were identified 
for populations near to the smelter (Figure 8.27 and Figure 8.28) using the 
Source-Pathway-Exposure model. As mentioned before, the most important potential risk from 
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inorganic chemicals in the Richmond area are most likely to be from the stack emissions and 
slag and waste dumps. 
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Figure 8.27 Smelter Air Exposure Model 
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Figure 8.28 Slag and Waste Dump Exposure Model 
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The detailed exposure routes i.e., via ingestion, inhalation and dermal contact are discussed in 
the following section and their schematic dose exposure diagram is presented in  
Figure 8.29 (U.S. EPA, 1992). 
 
Soil and Food Ingestion 
Since the majority of the population around Richmond smelter are farmers, the ingestion of soil 
is a potential source of human exposure to toxicants. The potential for exposure to contaminants 
via this source is greater for children because they are likely to ingest more soil than adult 
because of childhood behavioural patterns (U.S. EPA, 1997). Inadvertent soil ingestion among 
children may occur through the mouthing of objects or hands. Mouthing behaviour is considered 
to be a normal phase of childhood development. Adults may also ingest soil or dust particles that 
adhere to food, cigarettes, or hands. Deliberate soil ingestion is defined as pica and is considered 
to be relatively uncommon. Because normal, inadvertent soil ingestion is more prevalent and 
data for individuals with pica behaviour are limited, this study focuses primarily on normal soil 
ingestion that occurs as a result of mouthing or unintentional hand-to-mouth activity. Food 
ingestion contributes a significant amount to human exposure to inorganic chemicals, however, 
the lack of biota monitoring data make the simulation of food ingestion difficult to estimate. 
Equation (3) was the general equation used for calculating exposure through ingestion and 
inhalation of hazardous substances and is expressed as an average daily dose.  
 
365


ATBW
EFEDIRC
ADD            (3) 
Where: 
ADD  =  Average Daily Dose 
C  = Contaminant concentration in the environmental sample (e.g. Soil, water, air in 
    mg/kg, mg/L and mg/m3, etc) 
IR  = Ingestion rate per unit time (kg/day, L/day and m3/day, etc) 
ED  = Exposure duration (years) 
EF  = Exposure frequency (days/year) 
BW  = Body weight of the receptor (kg) 
AT  = Averaging time (years) 
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Drinking Water 
Drinking water is another potential source of human exposure to toxic substances as some 
farmers use groundwater for irrigation and as a source of drinking water. Drinking water 
contamination could occur, for example, by the percolation of toxic chemicals through the soil to 
groundwater. The same equation (3) was also used for calculating exposure through drinking 
water in this study. 
 
Inhalation 
Inhalation of dust is considered one of the potential exposure pathways from emissions from 
Richmond to the local residents. As described in section 8.4.2 (i.e. MGC), trace elements 
transportation through air is the most important potential exposure pathway identified in this case 
study.  
 
Dermal 
Dermal exposure for trace elements studies showed a trivial contribution to the total exposure 
dose (WHO, 1992b, WHO, 1991a, Morales et al., 2000, WHO, 1991b, WHO, 1992a) and 
therefore it was not used in this study. 
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Figure 8.29 Schematic of Dose and Exposure 
 
8.5.2 Step 2 Quantification of Exposure using PRA 
This step of the exposure assessment process aimed to quantify the magnitude, frequency and 
duration of exposure of the populations and the exposure pathways selected for quantitative risk 
assessment.  
 
In a point estimate approach, single values (typically a mixture of average and high-end values) 
are input into the exposure equation (e.g. equation 3). In this study, probabilistic risk assessment 
(PRA) was used and the only difference is that a probability distribution, rather than single value, 
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was specified for one or more variables. Monte Carlo simulations using Crystal Ball v 7.3.1 were 
employed to repeatedly select random values from each of the distributions and calculate the 
corresponding exposure and risk. For the majority of PRAs, it is expected that probability 
distributions will be used to characterise inter-individual variability, which refers to true 
heterogeneity or diversity in a population. In order to carry out a PRA, it is crucial that the 
probability distribution fits the available site-specific data or representative surrogate data to 
characterise variability. Site-specific data will not be available for the majority of the exposure 
variables, such as exposure duration, water intake rate and body weight. Therefore, a distribution 
was selected from existing sources or developed from published data sets and data summaries. 
The non-site-specific parameters used in this PRA are summarised in Table 8.9. For the purpose 
of risk management decision making, the significance of not having site-specific data was 
evaluated using sensitivity analysis (section 8.8). 
 
Table 8.9 Exposure Factors and Default Input Parameters for Residents around the 
Richmond Smelter 
Exposure Variable Symbol Units Type of Input Parameters References 
Exposure Duration ED Years lognormal (11.7, 7.0)* 
(U.S. EPA, 1997, U.S. 
EPA, 2001) 
Exposure Frequency EF Soil (days/year) Triangular (200, 225, 250) 
(U.S. EPA, 2001, U.S. 
EPA, 2002a) 
  Water (days/year) Triangular (325, 350, 365) 
(Lee et al., 2006, U.S. 
EPA, 1997) 
  Air (days/year) Pt estimate 365 Site specific 
Average Time AT Years Pt estimate 70 (U.S. EPA, 2001) 
Body Weight BW kg lognormal (71.75, 14.2) (U.S. EPA, 1997) 
Intake rate      
Soil IRs kg/day Triangular 
(0, 0.00005, 
0.0001) 
(U.S. EPA, 2001, U.S. 
EPA, 2002a) 
Drinking water IRw L/day lognormal (1.36, 0.36)** 
(U.S. EPA, 2001, U.S. 
EPA, 1997) 
Air IRa m
3
/day lognormal (1.68, 0.72) 
(U.S. EPA, 2001, U.S. 
EPA, 1997) 
* Parameters for preliminary lognormal Probability density function (PDF) of ED were converted from a geometric mean of 10 
and 95th percentile of 25. 
** Parameters for preliminary lognormal PDF of IRw were converted from an arithmetic mean of 1.41 and 95th percentile of 
2.28. 
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Lognormal distributions have a central role in human and ecological risk assessment. Many 
physical, chemical (especially trace element), biological, toxicological, and statistical processes 
tend to create random variables that follow Lognormal distributions (Hattis and Burmaster, 1994, 
Ott, 1990, Ott, 1995). Hence, fitting a probability density function for chemicals (i.e. results from 
CGC) in air, soil and water was based on this assumption. This was done using the „distribution 
fitting‟ function from Crystall Ball v7.3.1. This automatically matches environmental monitoring 
data against lognormal distributions and identifies the best-fit variables (i.e., mean and standard 
derivation). The concentration variables used for simulations are derived from the historical 
monitoring data and are listed in Table 8.10.  
 
Table 8.10 Best-fit Lognormal Distribution Variables for Heavy Metals in Air, Soil and 
Groundwater Derived from Historical Monitoring Data 
Chemicals 
Ground water Soil Air 
ppb ppm μg/m3 
Arsenic (As) Lognormal (3.74, 4.82) Lognormal (32.84, 11.97) Lognormal (0.11, 0.1) 
Copper (Cu) Lognormal (6.76, 8.93) Lognormal (584, 437.3) Lognormal (0.2, 0.12) 
Cadmium (Cd) Lognormal (0.58, 1.98) Lognormal (0.84, 0.38) Lognormal (0.002, 0.002) 
Lead (Pb) Lognormal (0.19, 0.16) Lognormal (48.9, 19.06) Lognormal (0.06, 0.08) 
Mercury (Hg) Lognormal (0.14, 0.07) Lognormal (284.7, 192.7) Lognormal (0.0004, 0.0002) 
Nickel (Ni) Lognormal (0.26, 0.11) Lognormal (10.32, 2.63) N/A 
Zinc (Zn) Lognormal (26.28,141.6) Lognormal (133.5, 24.14) N/A 
 
8.6 Toxicity Assessment 
The reference dose (RfD) and Cancer risk slope factor (SF) are the two main parameters used in 
toxicity assessment. The RfD for chemicals is derived from toxicological data. The U.S. EPA 
Integrated Risk Information System (IRIS) database is by far the most frequently cited RfD 
database and its values for the chemicals of greatest concern (section 8.4.1)identified in the 
Richmond area (Table 8.11) are compared with Tolerable Daily Intakes (TDI) values from other 
sources such as Joint FAO/WHO Expert Committee on Food Additives (JECFA) online 
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databases. (RfD and TDI are interchangeable in this context). The RfDs from IRIS are generally 
more stringent than those from JECFA and were therefore adopted for this study. 
 
Slope factors from the IRIS database are used for cancer risk estimation although this is usually 
applicable only to oral ingestion doses. There are unit risk values available for estimating other 
exposure routes such as drinking water and inhalation of air (Table 8.11). 
 
Table 8.11 Reference Dose (RfD), Slope Factors (SF) and Unit Risk Values of Chemicals of 
Greatest Concern in the Richmond Area 
Chemical 
RfD* 
(mg/kg-day) 
TDI
**
 
(mg/kg-day) 
SF* 
(mg/kg-day)
-1
 
Unit Risk* 
Water (g/L) Air (µg/m
3
) 
Arsenic (As) 0.0003 0.002 1.5 5x10
-5
 4.3x10
-3
 
Copper (Cu) 0.037*** 0.05 – 0.5 _ _ _ 
Cadmium (Cd) 
0.001 (food) 
0.0005 (water) 
0.001 _ _ 1.8 x10
-3
 
Lead (Pb) - 0.0035 _ _ _ 
Mercury (Hg) 0.0003 0.0007 _ _ _ 
Nickel (Ni) 0.02 _ _ _ 
2.4 x10
-4
  
4.8 x10
-4
**** 
Zinc (Zn) 0.3 0.3 - 1 _ _ _ 
* Reference dose from IRIS database except Cu (U.S. EPA, 2008b) 
** Tolerable daily intake (TDI) data from JECFA online database (JECFA, 2008), TDI and RfD are interchangeable in this 
context. 
*** Reference dose from Lee et al (2005) 
**** 2.4 x10-4 µg/m3 for Ni refinery dust and 4.8 x10-4 µg/m3 for Ni subsulphide. 
 
 
8.7 Risk Characterisation 
In this section, the toxicity and exposure assessments are summarised and integrated into 
quantitative and qualitative expressions of risk. Quantification was achieved using the Crystal 
Ball Monte Carlo simulation (50,000 trials). Risk characterisation links risk assessment and risk 
management and is therefore a key step in the ultimate site decision making process. 
Non-carcinogenic and carcinogenic effects were distinguished and treated separately. 
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8.7.1 Non-Carcinogenic Risks 
Non-carcinogenic risks were evaluated by comparing life time exposure for a chemical with its 
RfD for the same period of time. This ratio of exposure to toxicity is known as its hazard 
quotient (HQ) and is given in equation 4 (U.S.EPA, 2001):  
 
HQ = E/RfD           (4) 
 
Where: 
HQ  = Non-carcinogenic Hazard Quotient; 
E  = exposure level (or intake, e.g., ADD); 
RfD = Reference Dose   
(E and RfD are expressed the same).  
 
The non-carcinogenic HQ assumes that there is a level of exposure (i.e., RfD) below which it is 
unlikely for even sensitive populations to experience adverse health effects. If the exposure level 
exceeds the threshold, there may be concern for potential non-carcinogenic effects on the 
population. The greater the value of HQ, the greater the level of concern although the value of 
HQ is merely a ratio and not a statistical probability. Hence an acceptable non-carcinogenic risk 
is HQ < 1. Table 8.12 and Table 8.13 show both the predicted average ADD distribution from 
three different exposure pathways as well as the total HQ associated with the total ADD of the 
chemicals of greatest concern at the Richmond smelter site. The outcomes from the Monte Carlo 
simulation show that levels of daily intake of all the chemicals of concern are acceptable.  
Table 8.12 Average Daily Dose (ADD) via Ingestion of Soil, Water and Inhalation of Air 
Chemicals 
Ground water ADD Soil ADD Air ADD 
mg/kg/day mg/kg/day mg/kg/day 
Lognormal Mean, SD Mean, SD Mean, SD 
Arsenic (As) 1.18 x10-5, 2.1 x10-5 2.45 x10-6, 2.26 x10-6 4.26 x10-7, 6.3 x10-7 
Cadmium (Cd) 1.82 x10-6, 6.74 x10-6 6.27 x10-8, 6.19 x10-8 8.1 x10-9, 1.27 x10-8 
Copper (Cu) 2.08 x10-5, 3.47 x10-5 4.34 x10-5, 5.35 x10-5 8.04 x10-7, 8.98 x10-7 
Mercury (Hg) 4.35 x10-7, 4.04 x10-7 2.14 x10-5, 2.52 x10-5 1.62 x10-9, 1.7 x10-9 
Nickel (Ni) 8.1 x10-7, 7.02 x10-7 7.68 x10-7, 6.63 x10-7 N/A 
Lead (Pb) 5.87 x10-7, 7.15 x10-7 3.65 x10-6, 3.46 x10-6 2.46 x10-7, 4.62 x10-7 
Zinc (Zn) 7.96 x10-5, 4.24 x10-4 9.98 x10-6, 8.34 x10-6 N/A 
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Table 8.13 Total ADD and HQ of Chemicals of Greatest Concern 
Chemicals ADD Total (mg/kg/day) HQ HQ 
Lognormal Mean, SD Mean, SD 95 percentile 
Arsenic (As) 1.47 x10-5, 2.12 x10-5 4.9x10-2, 7.05x10-2 1.46 x10-1 
Cadmium (Cd) 1.9 x10-6, 6.74 x10-5 1.9 x10-3, 6.74 x10-2 6.92 x10-3 
Copper (Cu) 6.5 x10-5, 6.36 x10-5 1.76x10-3, 1.72 x10-3 4.84 x10-3 
Mercury (Hg) 2.18 x10-5, 2.52 x10-5 7.28 x10-2, 8.42 x10-2 2.17 x10-1 
Nickel (Ni) 1.58 x10-6, 9.62 x10-7 7.89 x10-5, 4.81 x10-5 1.7 x10-4 
Lead (Pb) 4.48 x10-6, 3.56 x10-6 1.28 x10-3, 1.02 x10-3 3.14 x10-3 
Zinc (Zn) 8.95 x10-5, 4.24 x10-4 2.98 x10-4, 1.41x10-3 1.04 x10-3 
 
8.7.2 Carcinogenic Risks 
In the case of carcinogens, risks are estimated as the incremental probability of an individual 
developing cancer over a lifetime as a result of exposure to the potential carcinogen(U.S. EPA, 
1989). Cancer risk is determined from the SF of the dose-response curve in the low-dose region 
where the relationship between the exposure dose (measured in mg/kg BW-day) and response 
(measured in terms of probability of developing cancer) is assumed to be linear (U.S. EPA, 
2005a). This assumes the SF is constant and that risk is directly related to intake. Mathematically, 
the SF denotes the probability of developing cancer per unit exposure level of mg/kg-day and its 
values may be obtained from the IRIS database (Table 8.11) (Lee et al., 2005). The lifetime 
exposure level (ADDlife) can be obtained from the previous exposure assessment by prorating the 
exposure incurred over the exposure duration over the expected life span (e.g., 70 years). Cancer 
risk is then calculated using the following equation (5): 
 
Cancer risk = ADDlife x SF  or     C x Unit Risk Values      (5) 
 
Where: 
Cancer risk = a unitless probability (e.g., 1 x 10
-6
) of an individual developing cancer; 
ADDlife  = chronic daily intake averaged over expected life span (e.g., 70 years) 
(mg/kg-day); 
SF   = slope factor, expressed in (mg/kg-day)
-1
. 
C   = Contaminant concentration in the environmental sample (e.g. Soil, water, air in 
    mg/kg, mg/L and mg/m
3
, etc). 
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This linear equation is valid only at low risk levels (i.e. below estimated risks of 0.01). For sites 
where chemical intakes might be high (i.e. risk above 0.01), an alternative calculation equation 
(e.g., one-hit equation, which is consistent with the linear low-dose model) should be used. 
 
Moreover, because the slope factor is often an upper 95
th
 percentile confidence limit of the 
probability of response based on experimental animal data used in the model, the carcinogenic 
risk estimate will generally be an upper-bound estimate. This means that the U.S.EPA is 
reasonably confident that the “true risk” will not exceed the risk estimate derived by the use of 
their model and is likely to be less than that predicted (U.S. EPA, 1989). The estimated value is 
the probability of an individual developing any type of cancer from lifetime exposure to 
carcinogenic hazards. The equation gives the worst case scenario and for the protection of public 
health, the U.S. EPA has set the acceptable cancer risk at around 1 × 10
−5
 to 1 × 10
−6
 (one in one 
hundred thousand to one in one million) for potential exposure of individuals to chemical 
carcinogens in the environment. 
 
As mentioned in section 8.6, the slope factor is used mainly for estimating the cancer risk from 
oral ingestion. Therefore, available unit risk values (from the IRIS database) were used for 
predicting other exposure routes such as drinking water and inhalation instead of the SF. The 
estimated cancer risk is simply the product of the concentration of the chemical in water/air and 
its unit risk value.  
 
In this study, As is the only confirmed carcinogen with a SF value and unit risk values for 
drinking water and inhalation. The cancer risks of As exposure from soil ingestion, drinking 
ground water and air inhalation routes were all calculated using equation 5. The simulation 
results (95 percentile) listed in Table 8.14, suggest the highest cancer risk to workers at the 
smelter and possibly to the local residents who live downwind of the Richmond smelter is from 
 258 
inhalation of PM10s containing As. The cancer risk for workers drinking ground water from the 
well on site also exceeded 1 × 10
−5
. The contribution of each exposure pathway to the total As 
exposure related cancer risk is shown in Table 8.14 and Figure 8.30. Inhalation of As (80.73%) 
and daily intake of ground water containing As (18.78%) pose the highest and second highest 
potential human health risk to the workers at the Richmond smelter. Data on As at the two air 
quality monitoring stations suggest a potential risk of 9.63 x10
-5 
(1 in 10,000 people) for local 
residents downwind of the Richmond smelter.  
 
Table 8.14 Arsenic and Cadmium related Cancer Risk 
Chemicals 
Cancer Risk 
Ground water Soil Air Total  
Lognormal 95 percentile 95 percentile 95 percentile 95 percentile 
Arsenic (As) 2.24 x10-5 5.81 x10-7 9.63 x10-5 1.75 x10
-4
 
Cadmium (Cd) _ _ 6.43 x10-7 6.43 x10
-7
 
 
 
 
Soil ingestion
0.49%
Inhalation
80.73%
Drinking water
18.78%
 
Figure 8.30 Percentage Contribution to Total As related Cancer Risk from Three Exposure 
Pathways 
 
By aggregating cancer risks from different exposure pathways, worst case scenario total cancer 
risks to workers and possibly to the local residents could reach 1.75 x10
-4
 indicating at least 2 in 
10,000 people developing As exposure related cancer at a confidence level of 95% (Table 8.14 
and Figure 8.31). These results indicate a potential health risk due to long-term As exposure but 
additional monitoring stations are required to confirm or rule out this risk. 
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Figure 8.31 Arsenic Related Cancer Risk from Copper Smelting in Richmond (the curve to 
the right of the dashed-line covers 95% of the total area) 
 
Putting the levels of carcinogenic risk into perspective, the following is a comparison of the As 
related carcinogenic risks at the Richmond area and is based on the following information (ISU, 
2008):  
 Cigarette Smoking - 50,000 lung cancer deaths each year per 50 million smokers 
consuming 20 cigarettes a day, or one death per 7.3 million cigarettes smoked or 1.37 x 10
-7
 
deaths per cigarette;  
 Highway Driving - 56,000 deaths each year per 100 million drivers, each covering 10,000 
miles or one death per 18 million miles driving, or 5.6 x 10
-8
 deaths per mile driven;  
Table 8.15 Comparison of As Exposure related Cancer Risk with Risks Associated with 
Cigarettes Smoking and Highway Driving 
Potential Risks Carcinogenic Risk Levels 
Equivalent to No. of 
Cigarettes Smoked 
Equivalent to No. of 
Highway Miles Driven 
Drinking groundwater  2.24 x10
-5
 164 400 
Soil ingestion 5.81 x10
-7
 5 11 
Air inhalation 9.63 x10
-5
 703 1720 
Total As exposure related 
risk 
1.75 x10
-4
 1278 3125 
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The comparison of As exposure related cancer with other risks (Table 8.15) shows that Inhalation 
of air containing As in the Richmond area is equivalent to the cancer risk of smoking less then 2 
cigarettes a day and driving 1720 miles on the highway. Moreover, the total As related worst case 
scenario carcinogenic risk is equivalent to smoking 3.5 cigarettes per day and driving 3125 miles 
on the highway. 
 
The As unit risk values used in the simulations are quite stringent and provide the worst case 
scenarios for the risk estimation in the Richmond area. The following carcinogenic risk levels are 
estimated using international guideline values such as WHO and the U.S. EPA in Table 8.16. 
Some of them (i.e. water and air) indicate levels of risk above acceptable levels using the unit 
risk values provided. This may be because of the different risk estimation formulae used or 
different acceptable risk level applied by different governments. 
 
Table 8.16 Comparison of Carcinogenic Risks posed by As Guideline Values and the As in 
the Richmond Area 
Potential Risks 
International 
Guideline Values 
Levels of Carcinogenic Risk 
from Guideline Values 
Levels of Carcinogenic Risk in 
the Richmond Area 
Drinking water 7-10µg/L 3.58 x10-4 2.24 x10
-5
 
Soil ingestion 20-55mg/kg 7.15 x10-7 5.81 x10
-7
 
Air inhalation 0.006-0.031µg/m
3
 3.13 x10-5 9.63 x10
-5
 
 
Cadmium is not a confirmed carcinogen according to International Occupational Safety and 
Heath Information Centre (CIS) (2008). Hence there is no SF available for it. However, there is 
one unit risk value available in the IRIS database for Cd in air (Table 8.11) so that, cancer risk 
from inhaling air containing Cd could be estimated (Table 8.14). The results showed this was at 
acceptable level. Nickel oxide (NiO) powder, subsulphide (Ni3S2) and carbonate (NiCO3) are 
Category 1 carcinogens according to International Agency for Research on Cancer (IARC); 
however their SFs are not yet available in the IRIS database. There is also a lack of monitoring 
data on Ni in PM10 at the monitoring stations. It is recommended that Ni be monitored in the air 
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quality monitoring stations for a period of time to rule out any Ni inhalation related carcinogenic 
risk.  
8.7.3 Aggregate Risks from Multiple Substances 
Because more than one potential hazardous substance is present around the Richmond smelter, 
the estimates of risk or hazard potential of one chemical might significantly underestimate the 
risks. Due to the lack of information on specific mixtures in Richmond, according to U.S. EPA 
(1986) the risks caused by carcinogenic and non-carcinogenic effects should be assumed to be 
additive. The aggregated risk estimations were therefore, calculated for both carcinogenic and 
non-carcinogenic effects. 
 
8.7.3.1 Non-Carcinogenic Risks 
The hazard Index (HI) approach, developed by U.S. EPA (1986) was used to assess the overall 
potential for non-carcinogenic effects posed by more than one chemical. The HI is equal to the 
sum of the hazard quotients, as showed in equation (6), where E and the RfD represent the same 
exposure period (e.g. subchronic, or chronic). When the HI is greater than one, there is the 
potential for adverse health effects. While any single chemical with an exposure level greater 
than the toxicity value will cause the HI to exceed one, in the case of multiple chemical 
exposures, the HI can exceed one even if no single chemical exposure exceeds its RfD. 
 
HI = E1/RfD1 + E2/RfD2 + … + Ei/RfDi       (6) 
 
Where: 
HI = Hazard Index; 
Ei = exposure level (or intake) for the i 
th
 toxicant; 
RfDi = reference dose for the i 
th
 toxicant  
(E and RfD are repressed in the same units and represent the same exposure period (i.e., chronic, 
subchronic or shorter-term). 
 
Chemicals of greatest concern in the Richmond study all fall into the chronic exposure category; 
so, the HI could be calculated using the 95 percentile values of HQ in Table 8.13. The total 
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non-carcinogenic effect posed by the chemicals of greatest concern is 0.412 which is < 1 
indicating a safe daily intake dose for the local residents. In other words, there is not likely to be 
any non-carcinogenic risks from soil ingestion, drinking water from wells and air inhalation in 
the Richmond area. 
 
8.7.3.2 Carcinogenic Risks 
The cancer risk equation below estimates the incremental individual lifetime cancer risk for 
simultaneous exposure to several carcinogens (U.S. EPA, 1989): 
 
RiskT = ∑ Riski            (7) 
 
Where: 
RiskT = the total cancer risk, expressed as a unitless probability; 
Riski  = the risk estimate for the i 
th
 substance. 
 
Since estimated cancer risks were available only for As and Cd, the total cancer risk for local 
residents in Richmond area were predicted to be 1.76 x10
-4
 (2 in 10,000) which exceed the 
acceptable risk level of the U.S. EPA. 
 
8.7.4 Combining Risk across Exposure Pathways 
Percentage contributions from each potential exposure routes were identified by aggregating risk 
values according to their exposure pathways. A better understanding of the contribution of each 
exposure route to the total non-carcinogenic risk would help formulate better remediation 
strategies. The results show (Table 8.17 and Figure 8.32) that among those low (acceptable) risks, 
soil ingestion contributes most (i.e., 60%) to the total non-carcinogenic risks to local residents. 
Drinking water directly from wells accounts for 39% of the total non-carcinogenic risk whereas 
inhalation is relatively trivial. Mercury is of greatest concern because it accounts for 89% of the 
total non-carcinogenic risk from soil. It is enriched by a factor of 36 around the Richmond 
smelter although it is still below the SGV. Increased levels of Hg in the Richmond soil could be 
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of concern in the future. Arsenic is also of some concern accounting for 9% of the total 
non-carcinogenic risk from soil and in the areas to the northeast of the Richmond smelter where, 
it is above the SGV. The decomposition of As ADD shown in probability density functions in 
Figure 8.33 demonstrates that levels in drinking water and soil ingestion pose much higher 
non-carcinogenic risks than air inhalation and are thus considered to be the most important 
pathways of As exposure. In contrast to Hg however, higher level of As ADD is more likely to be 
through drinking ground water than soil ingestion.  
Table 8.17 Hazard Quotient of Chemicals of Great Concern in Richmond Area 
Chemicals Drinking water HQ Soil HQ Air HQ Total HQ 
Lognormal 95 percentile 95 percentile 95 percentile 95 percentile 
Arsenic (As) 1.37 x10-1 2.21 x10-2 4.71 x10-3 1.63 x10
-1
 
Cadmium (Cd) 1.4 x10-2 1.75 x10-4 2.7 x10-5 1.41 x10
-2
 
Copper (Cu) 1.95 x10-3 3.67 x10-3 6.52 x10-5 4.81 x10
-3
 
Mercury (Hg) 3.91 x10-3 2.19 x10-1 1.56 x10-5 2.2 x10
-1
 
Nickel (Ni) 1.06 x10-4 1.01 x10-4 N/A 1.7 x10
-4
 
Lead (Pb) 5.26 x10-4 2.86 x10-3 2.5 x10-4 3.15 x10
-3
 
Zinc (Zn) 1.03 x10-3 8.53 x10-5 N/A 1.07 x10
-3
 
Total HQ 1.59 x10
-1
 2.58 x10
-1
 5.07 x10
-3
 4.12 x10
-1
 
 
 
 
 
 
Figure 8.32 Contributions of Different Exposure Pathways to Total Non-carcinogenic Risk 
(with references to individual trace element‟s contribution) 
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Figure 8.33 Contributions of Different Exposure Pathways to Total As ADD (NC: 
Non-carcinogenic) 
 
8.8 Uncertainty and Sensitivity Analysis 
8.8.1 Parameter Uncertainty 
Parameter uncertainty is the most easily identified source of uncertainty that can be quantified in 
site-specific risk assessments. It can occur at each step of the risk assessment process from data 
collection and evaluation, to the assessment of exposure and toxicity. Some detailed sources of 
parameter uncertainty include in the following:  
 
 In theory, the distribution selected for Monte Carlo simulations should be derived from the 
target population or from a surrogate representative population at the site. Some variables 
such as exposure duration, water intake rate and body weight were not available however. 
The uncertainty and bias in the probability distribution (normally from published data) 
should be taken into account in risk communication.  
 Probability density function (PDF) fitting using site-specific data may also generalise the 
lognormal distribution or be unduly influenced by outliers if the number of samples is not 
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sufficient. The sensitivity analysis of the simulations (Figure 8.35 and Figure 8.34) shows 
that the trace elements concentrations in environmental media are usually the most important 
parameters influencing the results of risk estimation. The correlations between 
concentrations of As, Cd, Cu, Hg and Pb in environmental media and risk estimations are 
summarised in Table 8.18. 
Table 8.18 Key Links between Input Variables and Risk Estimations 
Trace 
Elements 
Environmental 
Media 
Total Cancer Risk Total Non-cancer Risk 
As G. Water ▲(23%) ▲ 
 Soil   
 Air ▲(77%)  
Cd G. Water  ▲ 
 Soil   
 Air ▲  
Cu G. Water   
 Soil  ▲ 
 Air   
Hg G. Water   
 Soil  ▲ 
 Air   
Pb G. Water   
 Soil   
 Air  ▲ 
▲ indicates there is a link between the variable and the risk 
As a result, refinement of the PDF of the key input variables is the most effective way of 
improving the accuracy of the risk estimation. The second simulation run using the statistical 
mean and standard derivation however, showed no significant changes to the risk estimation 
scores. An increased number of samples as well as the use of sampling QA/QC could further 
improve the precision and accuracy of the estimation. 
 
 
 
 
 
 266 
 
 
Figure 8.34 Sensitivity Analysis on Trace Elements ADD Simulations 
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Figure 8.35 Sensitivity Analysis on As related Cancer Risk Simulation 
 
 
 Data from drinking water sampling in the local residential area were not available; so that 
groundwater sampling data to the west of the Richmond operation were used as being 
representative of the Richmond area (groundwater sampling points: C-1, C-3, C-4, C-5, C-6, 
C-7, 3-1 see Figure 8.6). As a result, the groundwater concentration PDF used in the Monte 
Carlo simulation may bias the outcome of the risk estimate. It can be re-run if new drinking 
water data become available. 
 
 Levels of trace and major elements in air are controlled not only by the stack filtering system, 
but also depend on concentrations in the concentrate. Since the quality of Cu concentrate 
varies, the PDFs for air emissions are not necessarily lognormal.  
 
 Parameter uncertainties as a result of assumptions set in CGC screening and prioritisation 
procedures should also be taken into account in interpreting risk estimation results.  
 
 The toxicity of chemical mixtures is unknown and could not be taken into account in this 
study. Due to the lack of information on specific mixtures in Richmond, the risks caused by 
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carcinogenic and non-carcinogenic effects are added according to U.S. EPA(1986) although 
it is possible that toxicity of chemical mix maybe significantly higher or lower than 
aggregating the individual toxicity values 
 
 Other parameter uncertainty can arise from bias in the sample collection process and 
analytical determinations. They are beyond the scope of this study. 
8.8.2 Model Uncertainty 
This study uses total (integrated) exposure rather than the exposure patterns because exposure 
profile data are not available. There are cases where the severity of effects depends on the pattern 
by which the exposure occurs rather than the total (integrated) exposure. For example, a 
developmental toxin may produce effects only if exposure occurs during a particular stage of 
development for example to a foetus. Similarly, a single acute exposure to very high levels of a 
contaminant may induce adverse effects even if the average exposure is much lower than the 
no-effect levels. Such a profile will become increasingly important as biologically based 
dose-response models become available (U.S. EPA, 1992). 
 
8.9. Conclusion and Recommendations 
Based on the outcomes of the human health risk assessment (section 8.7) and considerations 
from uncertainty and sensitivity analysis (section 8.8), the following principal conclusions are 
drawn in relation to potential risk at the Richmond smelter operation: 
 
The results of the new risk assessment procedures, the key chemicals of concern and their 
sources and associated human health exposure routes are summarised in the Table 8.19: 
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Table 8.19 Source and Exposure media of Chemicals of Concern in the Richmond Area 
Trace 
Elements 
Anthropogenic 
Source 
Exposure Media 
Cancer Risk Non-cancer Risk 
As 
Main point source is 
stack emission with 
minor less 
bioavailable trace 
elements from slag 
dump 
Mainly inhalation of PM10 
(81%), drinking groundwater 
(19%) 
Drinking water > soil 
ingestion > inhalation 
Cd Air inhalation 
Drinking water > soil 
ingestion > inhalation 
Cu N/A 
soil ingestion > Drinking 
water > inhalation 
Hg N/A 
soil ingestion > Drinking 
water > inhalation 
Pb N/A 
soil ingestion > Drinking 
water > inhalation 
 
1. No acute or chronic toxic effect from any inorganic chemical has been identified in the 
Richmond area since average daily doses from all exposure pathways are well below the 
RfD. The potential risk of carcinogenicity to the local residents downwind of the smelter 
from inhalation of As contaminated air means that further monitoring is required.  
2. The study also showed a potential carcinogenic risk to workers from As in the on-site well 
water although monitoring of the As levels of all wells is in place. The relatively high levels 
of the As around the lease area are thought to be natural since the setting (delta sand and 
gravels near active mountain ranges) is closely similar to that of Bangladesh. But more data 
are required. 
3. All non-carcinogenic risks to local residents are low. The main concern is the potential for 
Hg levels to increase in surface soils around the Richmond plant in the future. 
4. The soil profiles in the Richmond area do not show any enrichment of Ni although Ni is 
present in Cu concentrate and is likely to be emitted through smelting and refining process 
and transported by air to the surrounding areas. Due to the lack of Ni in PM10 monitoring 
data, it is recommended that Ni be monitored in the air quality monitoring stations for a 
period of time to rule out any Ni inhalation related carcinogenic risk. 
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5. It is also recognised that food ingestion is an important exposure route to human beings for 
potentially hazardous chemicals such as toxic trace elements in the Richmond area. 
Therefore, toxic trace element analysis (survey) of agricultural commodities around the 
Richmond area (e.g. artichokes, alfalfa) would significantly improve the quality of human 
health risk assessment. 
 
Potential Risk Minimisation Strategies:  
1. The relatively high level of risk of carcinogenicity from As in air requires further 
investigation with additional appropriate local monitoring stations and action to reduce 
emissions if necessary.  
2. The water wells are the main sources of drinking water in the Richmond area for both 
workers and local resident despite As levels in ground water being high in some parts of the 
Richmond area. The study of soil profiles in which As is enriched only in the top 50 cm 
suggests that the As in local groundwater is highly unlikely to be from the Richmond smelter 
and is more likely to be natural. Therefore the most effective way of reducing drinking water 
related As exposure would be to develop other surface drinking water sources. 
3. Increased levels of Hg in the soil around Richmond could be of concern in the future. 
Arsenic in soil is also of concern in the areas to the northeast of the Richmond smelter. Close 
monitoring of Hg and As from stack emissions is recommended with action to reduce their 
emissions if required. 
4. Of the chemicals which are above SGVs, it is necessary to confirm whether their sources are 
from air deposition from stack emissions or windborne fine particles from the slag dump. 
Since most trace elements incorporated in the slag particles are generally insoluble and thus 
have low bioavailability comparing to airborne PMs, a systematic sequential extraction 
study of the soil would help to improve the understanding of any soil ingestion related risk. 
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CHAPTER 9  GENERAL DISCUSSION 
Many business decision makings follow the management framework (the management pyramid 
at the left hand side of Figure 9.1) which follows the military model and divides the management 
responsibilities
21
 into the strategic, tactical and operational levels. In the previous case study 
chapters (6, 7 and 8), discussions on the findings and their implications were in the site specific 
context (operational execution level in Figure 9.1). In contrast, this chapter aims to evaluate the 
overall performance of the methodology developed and its application based on the three case 
studies at the tactical (middle management) level.  
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Figure 9.1 Management Pyramid with External International Regulations 
 
As indicated in Figure 9.1, increasing legislative pressure from new EU Directives such as 
REACH as well as the tightening environmental regulations internationally requires a risk-based 
approach in all mining operations. A risk assessment procedure has therefore been developed 
using the traditional risk assessment framework first proposed by the U.S. National Research 
                                                        
21 Top managers make strategic decisions that generate policies. Middle managers make tactical decisions that generate 
procedures. Line managers make operational decisions that execute those procedures. For each level of management, the 
information requirements are distinct in terms of usage frequency, granularity, accuracy, time horizon and so on. For instance, top 
managers only need to see the big picture spanning months and years, and line managers should only care about production quota 
for this week. 
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Council (NRC) (1983) to link strategic decision making and the mining operations globally.  
 
In this chapter, data availability from each mining operation are discussed first. The nature of the 
tiered approach (mainly focusing on Chemicals of Greatest Concern (CGC) and Media of 
Greatest Concern (MGC)) is then considered. The data availability and quality directly 
influences the extent to which CGC and MGC are used for data evaluation (section 9.1.1). The 
principal data availability and quality issues for the three case studies are discussed in the order 
of different environmental media, viz.: soil, surface water, groundwater, air and biota monitoring. 
The nature of the methods which determines the appropriateness and effectiveness of their 
applications in different case studies (e.g., on qualitative or quantitative data) (section 9.1.2) are 
also evaluated. One of the main benefits of the risk-based approach that contributes to Anglo 
American plc‟s global strategic decision making is demonstrated by comparing the performance 
of its international operations using the methodology developed on the three case studies (section 
9.1.3). Finally, the strengths and weaknesses of each specific risk assessment procedure 
developed or used in this study are evaluated (section 9.2) and recommendations for future 
improvement are discussed based on current uncertainties identified within each procedure.  
 
9.1 Methodology Implementation 
A new tiered risk based approach developed in this study based on conventional risk assessment 
framework was applied at three active mining operations viz., the RPM, the Lisheen mine and 
the Richmond smelter in line with precautionary principles. The two new semi-quantitative risk 
screening and prioritisation methods (i.e., CGC and MGC) were developed for systematic data 
evaluation of Tier 1 of risk assessment. Different combinations of methods were employed on 
the basis of data availability and quality from the three mining operations investigated.  
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9.1.1 Data Availability and Quality 
Mine operators spend a lot of money and effort on environmental monitoring during a mine‟s 
operational life. For example, at the Lisheen mine, over 10,000 individual water samples are 
analysed every year. In addition, continuous monitoring of noise, vibration, weather, air and 
water quality in the Lisheen area generates 1 million items of data every year. The number of 
samples for the RPM is greater as the scale of operations is much bigger and more processes are 
involved. Hence, mine operators usually employ external consultancies to carry out 
environmental monitoring or assessments to ensure compliance with the local environmental 
consent. The three mining operations investigated here have different degrees of monitoring for 
different environmental media because of the requirements of the local environmental agencies, 
so that the quality and quantity of environmental data available vary significantly. All available 
data are presented in each case study‟s data collection section (Chapter 6 – 8). The principal data 
availability issues for the three case studies are discussed in the following section grouped by 
different environmental media, namely: soil, surface water, groundwater, air and biota 
monitoring and are also summarised in Table 9.1. This discussion reflects only the data 
availability during the period of data collection because several new monitoring programmes and 
studies have been carried out after completion of the cases studies. A more consistent procedure 
to improve the environmental monitoring standard across Anglo American plc‟s global mining 
operations is being developed based on a new environmental sampling and laboratory analysis 
protocol. This will be tailored to different ore deposits and metals of interest to improve data 
availability and quality in the near future.  
9.1.1.1 Soil 
Soil monitoring involves sampling and analysis of both natural soil as well as the uncovered 
gangue rock dumps near the mine sites. Natural soils are not usually monitored routinely unless a 
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significant source of pollution and potential pathway are identified such as stack emission with 
air deposition or water leaching and run-off. This was particularly the case for the Lisheen mine 
as no significant source of pollution and pathway were identified. Historical soil survey data 
were available for the Lisheen area whereas detailed soil sampling campaigns had been carried 
out around the Richmond smelter. In contrast, only a few key chemical elements and a few 
operational sites had been studied at the RPM lease area (i.e. Hg and Se at the RBMR and toxic 
trace elements at waste rock dumps) despite the emissions from the Waterval smelter and two 
refineries identified by several studies (PEMS, 1999, APP, 2004).  
9.1.1.2 Surface Water 
Surface water monitoring data were available for all three operations although the chemical 
elements analysed varied significantly due to the different environmental standards required by 
different regulators in different countries. Total concentrations of inorganic chemicals were 
analysed at all three operations. Dissolved concentrations of some heavy metals were analysed 
for all water samples at the Lisheen and Richmond operations. Moreover, sediments have been 
closely monitored at the Lisheen mine receiving waters since 2006. Heavy metals in the stream 
waters at the RPM were rarely monitored. This may be because most of the surface streams are 
ephemeral.  
9.1.1.3 Groundwater 
At the RPM, most of the historical studies carried out provide only qualitative descriptions of the 
groundwater at the RPM major operational sites such as RBMR, PMR, Waterval smelter and 
ACP since no specific compliance points are required for groundwater. In contrast, the 
Richmond smelter needs to comply with stringent groundwater quality standards, so that routine 
monitoring data are available. For the Lisheen mine however, the effect of dewatering the 
orebody is drawing down the groundwater level significantly and it was discharging large 
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amount of groundwater (over 60 million litres per day) directly into the receiving surface waters. 
Monitoring of groundwater was therefore possible only at the underground pumping station. 
Only As, Fe, Pb, Zn concentrations were monitored before and during 2006. 
9.1.1.4 Air 
Stack emissions as well as ground PM10 levels were monitored closely at the Richmond smelter. 
Toxic trace elements in the PM10 samples collected at the two monitoring stations were analysed 
every 3 days. The historical monitoring records of toxic trace elements in PM10 were available 
from 1993 to present, although Ni was not analysed. At the RPM, stack emissions from the main 
point sources and fugitive sources were closely monitored. PM10 and toxic trace elements at 
ground level were not monitored however, although simulation results based on the monitoring 
data were available. There are six ambient air quality monitoring stations (AASS) and six dust 
deposition stations (DDS) around the Lisheen Mine and samples from these were collected and 
analysed monthly. 
9.1.1.5 Biota Monitoring and Chemical-Use Inventory 
Several ecological studies have been carried out at the RPM and the Lisheen mine; however, 
there was a lack of data on toxic trace element concentrations in biological media for all three 
mining sites. On the other hand, biological survey and analysis is rarely available at any active 
mining operations unless potentially severe adverse effects on the environment or human health 
are identified and confirmed. Because the scales of operation of the Lisheen mine and the 
Richmond smelter are much smaller than the RPM, the data on chemical-use on site are 
relatively easier to collect and calculate/estimate based on the chemicals input and output mass 
balance. The complexity of the RPM operations made the quantification of chemical-use difficult 
using only the current available data sets.
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Table 9.1 Summary of Environmental Monitoring Data Available from Three Case Studies 
Case 
Studies 
Soil Surface water Groundwater Air 
Ecological 
Monitoring 
Chemical 
Inventory 
The 
RPM 
Quantitative; data available 
on Hg and Se at RBMR and 
waste rock dumps only.  
Quantitative, but limited 
chemical elements 
analysed 
Qualitative; historical 
monitoring reports 
available 
Quantitative, ground level 
PM10 from simulations based on 
stack emission monitoring 
Qualitative; Reports 
on local fauna and 
flora species. 
Incomplete data due to 
the systems complexity 
The 
Lisheen 
Mine 
Quantitative; historical soil 
survey data are available 
Quantitative; Routine 
monitoring with close 
sediments analysis 
Quantitative; only As, 
Fe, Pb, Zn are available. 
Quantitative; 
PM and heavy metals in the dust 
deposition 
Qualitative Report 
on fish community 
Available from 
chemical mass balance 
The 
Richmo
nd 
Smelter 
Quantitative; Good detailed 
soil sampling data (both auger 
and trench samples) are 
available  
Quantitative; Routine 
monitoring without 
sediments 
Quantitative; Routine 
borehole monitoring on 
site. 
Quantitative; Stack emissions 
and ground level PM10 are 
monitored with heavy metals in 
PM10 analysed. Ni not analysed 
None 
Available from 
chemical mass balance 
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Limitations in Monitoring Data 
Despite the need to improve the current monitoring programme at all three mining operations 
particularly the RPM, there are also several constraints in implementing additional monitoring 
programmes that need to be taken into account in environmental management decision making. 
Firstly, monitoring is often time-consuming and expensive. If monitoring requires the use of 
complex measurement devices and depends on the collection of data over a long period of time, 
the development and implementation of a monitoring programme can result in considerable 
capital and operating expense. Furthermore, if many independent sources of risk are present, as 
in the case for most environmental pollutants, it may be impossible to monitor them all. The 
other difficulty concerns the effectiveness of monitoring for ascertaining environmental status. 
Although technological facilities such as nuclear power plants contain extensive monitoring 
systems, the data they provide do not always succeed in providing correct and precise 
information on the status of the facility during accidents (Covello and Merkhofer, 1993). This is 
discussed more in Data Uncertainty (section 9.2.1). 
9.1.2 Tiered Risk-Based Approach 
Under the pressure of new environmental legislation and more stringent environmental quality 
control in the future, it is recommended that the mining industry adopt routine precautionary 
measures for reducing environmental and human health risks from mining activities. Sustainable 
operations based on a well balanced business, social-economic and environmental model are 
crucial for long-term. The main benefit of tiered risk assessment is its ability to target the 
attention and resources of both the regulators and industry on the most potentially damaging 
activities at an early stage. One of the main challenges faced in developing tiered risk-based 
mining risk assessment methodology is the inconsistency of data availability and data quality as 
discussed in the previous sections (9.1.1). All three mining operations are run by Anglo 
American plc but with significant variations in terms of environmental regulations and consents 
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thus different environmental monitoring and management criteria (e.g., chemical elements 
analysed and frequency of sample collection). Therefore, the new risk-based approach under the 
traditional risk assessment framework must be flexible in order to incorporate the variations. One 
of the risk screening and prioritisation methods developed in the Tier 1 of the new risk 
assessment procedures namely MGC is therefore designed to cope with both qualitative and 
quantitative data.  
 
The fundamental of MGC is based on system decomposition, brain storming of potential risks 
scenarios and then filtering through systematic screening and prioritisation procedures (Figure 
4.5). From conceptual model construction to scenario filtering, all procedures (i.e., conceptual 
modelling, hazard identification, scenario filtering) could be carried out with a basic 
understanding of the operational systems, therefore purely qualitative. Filtering by more than one 
criterion requires an increasing level of understanding of the severity of the consequence if the 
hazardous event happens and the probability of it happening. This requires historical and 
currently available environmental monitoring data which are preferably quantitative data. With 
qualitative description of the environmental characteristics however, scoring from a fixed range 
(i.e., 1-10) with the qualitative references of „High, Medium and Low‟ is still achievable. 
Although relatively greater uncertainties may be involved with only qualitative data, reliable 
preliminary rankings could be generated (feedback from the RPM study). Moreover, as an 
iterative process in nature, it is always possible to re-assess the potential risks when quantitative 
monitoring data become available. 
 
CGC on the other hand, is a systematic analysis of inorganic chemicals existing, used and 
released from the mining operation. The algorithm developed in this study screens and prioritises 
inorganic chemicals based on their quantity, use pattern, eco-toxicity and predicted 
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environmental concentrations (PEC). As a result, more quantitative data are required to enable 
this process to be performed than in the MGC.  
 
Hence, based on the distinctive nature of the two methods, MGC can be carried out on mining 
operations with mainly qualitative data whereas sufficient quantitative monitoring data are 
required for CGC. As a result, in this study, only MGC were applied on the RPM case study 
since there was not enough quantitative data available for identifying CGC (Table 9.2). Both 
MGC and CGC were applied on the Lisheen mine and the Richmond smelter.  
Table 9.2 Methods Used in Three Case Studies (▲- applied; Χ- not applied) 
Case 
Studies 
Tier 1 Tier 2 
Data 
Collection 
Data Evaluation Toxicity 
Assessment 
Exposure 
Assessment 
Risk 
Characterisation CGC MGC 
The RPM ▲ Χ ▲ Χ Χ Χ 
The 
Lisheen 
▲ ▲ ▲ 
Not 
required 
Not 
required 
Not required 
The 
Richmond 
▲ ▲ ▲ ▲ ▲ ▲ 
 
In addition, Tier 2 quantitative human health risk assessment (i.e., toxicity assessment, exposure 
assessment and risk characterization) should be carried out when hazardous chemicals of 
concern and their potential human exposure pathways are identified. Because no significant 
human exposure pathways related to chemicals of greatest concern were identified during the 
Tier 1 assessment in the Lisheen study, no further assessment was needed to quantify the human 
health risk presently (Table 9.2). 
 
On the other hand, the properties of methodology also reflect the types and quality of data 
required for implementing a risk-based approach in mining operations. For example, from the 
summary of data availability in Table 9.1, it is clear that with more quantitative monitoring data 
on soil, surface and ground water, the implementation of CGC could significantly improve the 
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validity of the risk evaluation and thus result in less uncertainty in resources allocation for 
environmental management at the RPM operation. The data gaps in the RPM show opportunities 
for improving its environmental monitoring in line with the precautionary principle in the future. 
9.1.3 Results Comparison across Mining Operations 
During the data collection for the three case studies, it was found that currently available 
environmental related studies were usually focused only on one particular environmental 
medium. There was no study that looked at the holistic environmental conditions of the operation 
by integrating monitoring data on various environmental media together. One of the reasons may 
be because of the inconsistency of data availability and quality between in-house laboratories 
and external consultancies that makes the integration process difficult. The other main reason is 
that the current priority for on-site mine operators is to comply with local environmental 
standard thus no precautionary risk assessment procedure has been implemented. The application 
of the new tiered risk assessment procedure not only enables a holistic assessment of potential 
risks from different sources on the environment and human beings in line with the precautionary 
principle, it also enables the cross comparison of Anglo American‟s global mining operations to 
facilitate high level strategic decision making. 
 
In this study, the method that has been used at all three case studies was the MGC (Table 9.2). 
CGC was applied to both the Lisheen mine and the Richmond smelter and all priority inorganic 
chemicals of concern are summarised in Table 9.3. As a result, the outcomes from the 
comparison are good examples to demonstrate the benefit of using a consistent risk-based 
approach (Figure 9.2 and Table 9.3).  
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Figure 9.2 Comparison of Level of Risks from Different Environmental Media 
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By presenting levels of risk on spider diagrams and considering three key indicators namely 
„average levels of risk‟ „number of risks‟ and „number of high risks‟ (associated with different 
coloured lines in Figure 9.2), environmental media of greatest concern at each mining operation 
can be visualised and compared. Figure 9.2 shows that air and groundwater are the greatest 
concerns for the RPM; both surface and groundwater are the greatest concerns for the Lisheen 
mine and air emission with its associated deposition to soil should be the main focus for the 
Richmond smelter. The results offer good references for the effective global strategic planning 
and resource allocation for international mining companies such as Anglo American plc. The 
findings from MGC for both Lisheen and the Richmond are also consistent with the results 
summarised in Table 9.3 by CGC. Although they are two completely different methods with 
different focuses, the chemicals identified through the algorithm also confirmed the findings 
from the MGC. Together, they provide a systematic risk-based approach for data evaluation and 
preparation for progressing to more complex quantitative probabilistic risk assessment if the risk 
management situation requires it. 
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Table 9.3 Summary of Priority Inorganic Substances from the Lisheen Mine and the Richmond Smelter 
 Chemical Name Sources Pathways (to the environment) 
Potential Exposure 
Media 
Mining 
Operation 
As 
Total As Natural ores/rocks Release through water discharge River sediment Lisheen 
Arsenic(III) 
e.g.,AsCl3, As2O3 
Natural ores/rocks 
Release through stack emission and 
slag dump 
Air and soil Richmond 
Cd 
Elemental 
Cadmium 
Natural ores/rocks 
Release through stack emission and 
slag dump 
Air and soil Richmond 
Cadmium Sulphate 
Secondary transformation species 
in soil or surface water 
Air deposition Soil and surface water Richmond 
Water discharge 
Soil, surface water and 
sediment 
Lisheen 
Cadmium Chloride 
Secondary transformation species 
in soil or surface water 
Air deposition Soil and surface water Richmond 
Water discharge 
Soil, surface water and 
sediment 
Lisheen 
Cu 
Total Cu Natural ores/rocks and release water discharge River sediment Lisheen 
Soluble Copper* 
Cu
2+
in concentrate 
Copper concentrates Drying stack emission Air and soil Richmond 
Copper Sulphate 
Activator used in froth floatation 
process 
Water discharge Surface water Lisheen 
Hg 
Elemental Mercury Natural ores/rocks Stack emission and slag dump Air and soil 
Richmond 
Mercury (II) 
Chloride 
Secondary transformation species 
in soil or surface water 
Air deposition Soil and surface water 
Mercury (II) Oxide Natural ores/rocks Stack emission and slag dump Air and soil 
Pb Lead Sulphate Natural ores/rocks Stack emission and slag dump Air and soil Richmond 
Zn 
Zinc Chloride 
In the Lisheen: Secondary 
transformation species in surface 
water or soil or depressor used in 
froth floatation process 
In the Richmond: Secondary 
transformation species in surface 
water or soil 
Water discharge 
Soil, surface water and 
sediment 
Lisheen 
Zinc Sulphate Air deposition Soil and surface water Richmond 
* Soluble Cu exists in Cu concentrate. 
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9.2 Methodology Evaluation 
Two semi-quantitative methods (Tier 1) were developed, used and refined by application to three 
case studies as the main contributions of this PhD study. Together with the conventional 
probabilistic risk assessment procedures (Tier 2), they form a flexible, user-friendly risk-based 
approach for the mining industry. As discussed in the introduction and background literature 
review, one of the key issues in risk assessment throughout its procedures is the degree of 
uncertainties involved. Thus identifying, understanding and controlling the degree of uncertainty 
is equally important in this study especially in the evaluation of the methodology and results. 
Apart from the „Real World Uncertainty‟ which is beyond the control of human beings; the 
remaining uncertainty categories of Knowledge Uncertainty, Data Uncertainty and Modelling 
Uncertainty can be controlled to some extent. This section discusses all the possible uncertainties 
and potential opportunities for improvement on the basis of evaluating the strengths and 
weakness of the methodology used. The uncertainties involved in this study are identified first 
and then grouped according to each method used; potential solutions or recommendations to 
reduce/minimize them are then discussed and proposed.  
9.2.1 Chemicals of Greatest Concern (CGC) 
The CGC algorithm was intended not only to assist in the prioritisation of inorganic substances 
of concern; but also to provide a logical and transparent basis for the exercise of risk assessment 
as a whole. It helps to identify the primary and secondary transformation species solubility and 
eco-toxicity following dissolution of substances under ambient environmental conditions and 
mining operations. Such chemical speciation and toxicity data are crucial in making appropriate 
environmental risk management decisions and are discussed in the section 9.2.1.1 Knowledge 
Uncertainty. Other uncertainties involved in environmental monitoring data quality and 
algorithm validity are discussed in section 9.2.1.2 Data Uncertainty and section 9.2.1.3 
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Modelling Uncertainty respectively. 
9.2.1.1 Knowledge Uncertainty in CGC 
1. Chemical Interaction and Speciation 
In most environmental monitoring practices in mining, only total concentrations are available 
and chemical speciation is rarely determined and studied. Schaider et al (2007b) showed that due 
to weathering or processing of mineral deposits, the metal speciation could be significantly 
altered. For example Zn, Pb and Cd can be converted into more labile and potentially more 
bioavailable phases than the parent sulphide minerals. As a result, the total concentration of trace 
elements over a mine site cannot be used as risk indicator on its own. Metal speciation and 
lability in mine waste can also vary considerably between sites and risk assessment of metal 
exposure should use site-specific metal speciation data. Therefore knowledge of the potentially 
hazardous chemicals and their speciation under various environmental conditions becomes 
crucial in predicting their eco-toxicities and any potential environmental and human health risks. 
Although some chemicals behave in a predictable manner, the behaviour of other chemicals in 
the environment is complex and not fully understood. Such knowledge uncertainty can apply to 
relatively common chemicals such as Hg in the environment. Hence Hg may be present as 
elemental, inorganic or organic Hg species but, despite extensive research, the full dynamics of 
the environmental behaviour of Hg are yet to be fully established (Floyd, 2006). As mentioned in 
chapter 5, section 5.5, although most inorganic metal and metalloid compounds have higher 
toxicities than their organic compounds, Hg is an exception. As a result of difficulties in 
understanding chemical interactions and speciation, a number of assumptions on chemical 
speciation under mining environmental conditions were made based on the scientific literature 
reviews on related studies for the CGC. The general assumptions made in the Lisheen and the 
Richmond studies are summarised in Table 9.4. More details on other trace elements see 
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APPENDIX F – 1. The uncertainty involved in these assumptions can be significantly reduced if 
site specific chemical speciation data are available. 
Table 9.4 Assumptions on Chemical Speciation in the Case Studies 
Chemicals The Lisheen Mine The Richmond Smelter References 
As 
River water: around 50% of 
the concentration of heavy 
metals is contributed by 
suspended solids (based on 
discharge water monitoring 
data); 
 
Soil: on the basis of local site 
characteristics (organic rich 
peat soil), most of the heavy 
metals are bonded to organic 
matters and Fe-Mn hydroxides 
are therefore insoluble. It is 
possible that there are trace 
amounts of dissolved heavy 
metals in soil pore waters in the 
humid environment; 
 
Sediment: Most of the heavy 
metals are bonding to Fe-Mn 
hydroxides and organic matters 
and are therefore insoluble. 
 
As(III) and As(V) in PM 10 
from the Cu smelter are 
estimated to be 15 -21% and 
79-85% respectively. 
(Sanchez-Rodas et al., 2007) 
Cd 
Cd in aerosols is likely to be 
bound to sulphides and 
oxides. 
(Williams and Harrison, 1984) 
Cu 
Cu emitted into the 
atmosphere is often as 
particulate matter in its 
elemental, oxide and/or 
carbonate form 
(Nriagu, 1979, ATSDR, 2004a). 
Hg 
The most important species of 
Hg from combustion sources 
are oxidized Hg
2+
 and 
elemental Hg  
(Park et al., 2007, Knightes, 
2008). 
Ni 
Ni in aerosols is presented as 
Ni sulphate, Ni sulphide and 
Ni oxides. 
(Pakkanen et al., 2001, Pattanaik 
et al., 2007, Bolt et al., 2000) 
Pb 
Pb emissions from the 
smelters have been shown to 
consist of Pb sulphate 
(PbSO4), Pb sulphide (PbS), 
Pb monoxide (PbO) and Pb 
oxysulphate (PbO.PbSO4)  
(Foster, 1980, Clevenger, 1991) 
Zn 
Zn in aerosols is likely 
presented as Zn sulphide, Zn 
carbonate and Zn oxides. 
Likely to form Zn chloride, 
carbonate and sulphate salts in 
the waste dump and surface 
soil around the Richmond. 
(Sammut, 2008) 
 
There are different methods for studying the speciation of inorganic chemicals in different 
environmental media such as freshwater, soil and air. It is recognised that the measurement of 
both total and dissolved concentrations of trace elements (i.e., filtered and unfiltered samples) 
can significantly improve the understanding of their speciation and thus their eco-toxicities in 
applying the CGC algorithm. In addition, by collecting data on the local physiochemical 
conditions such as temperature, pH, Eh major and trace cations and anions, it is possible to 
estimate the speciation of some of important heavy metals (e.g., Cd, Cu and Pb) by speciation 
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models such as PHREEQC (USGS, 2007). Two other advanced models have been developed 
recently to take into account the poly-electrolytic nature of fulvic and humic acids and their 
poly-functionality: the Windermere humic aqueous model (WHAM) and the nonideal 
competitive adsorption-Donnan (NICA-Donnan) model (Campbell et al., 2006). With the reliable 
aquatic chemical speciation models such as PHREEQC, WHAM and NICA-Donnan, the 
uncertainty involved can be reduced in future applications of the CGC algorithm. 
 
For solid samples such as soil, sediment and PM10, sequential extraction is one of the most 
widely applied methods for chemical speciation studies. Sequential extraction is an analytical 
process that sequentially leaches metals or metalloids from solid media. It provides a pragmatic 
approach for understanding heavy metal chemical fractionation and solubility. The most widely 
known protocol is the five step procedure of Tessier et al. (Tessier et al., 1979):  
1) Fraction 1: Exchangeable 
Extraction at room temperature for 1 hour with 8 mL of either magnesium chloride solution (1 M MgCl2 
pH 7.0) or sodium acetate solution (1 M NaOAc, pH 8.2) with continuous agitation. 
2) Fraction 2:Bound to Carbonates 
The residue from 1 was then leached at room temperature with 8 mL of 1 M NaOAc adjusted to pH 5.0 
with acetic acid (HOAc). Continuous agitation is maintained until complete extraction. 
3) Fraction 3:Bound to Fe and Mn oxides 
The residue from 2 was extracted with 20 mL of either 0.3 M Na2S2O4 + 0.175 M Na-citrate + 0.025 M 
H-citrate, or 0.04 M NH2OH•HCl in 25% (v/v) HOAc. The latter experiments performed at 96±3 ºC with 
occasional agitation. 
4) Fraction 4:Bound to Organic Matter  
3 mL of 0.02 M HNO3 and 5 mL of 30% H2O2 were added to the residue from 3 to adjust to pH 2 with 
HNO3, and the mixture was heated to 85±2 ºC for 2 hours with occasional agitation. A second 3 mL 
aliquot of 30% H2O2 (pH 2 with HNO3) was then added and the sample was heated to 85±2 ºC for 3 
hours with intermittent agitation. After cooling, 5 mL of 3.2 M NH4OAc in 20% (v/v) HNO3 was added 
and the sample was diluted to 20 mL and agitated continuously for 30 minutes. The addition of NH4OAc 
is designed to prevent adsorption of extracted metals onto the oxidized fractions. 
5) Fraction 5:Residual 
The residue from 4 was digested with 5:1 HF:HClO4. 
Many investigators have modified the original protocol developed by Tessier et al to study 
systems such as polluted soils and PM10 in ambient air (Wasay et al., 1998, Song et al., 1999), 
incinerator ashes (Jervis et al., 1995) or urban dust (Varga et al., 2000, Fernandez Espinosa et al., 
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2002). For different sample types, these variations in procedures are likely to result in more 
accurate chemical speciation results. 
2. Chemical Toxicity 
The Effect score used in the CGC algorithm is based on the eco-toxicity classification of the 
ECOTOX database of the U.S. EPA. Therefore, some of the limitations of the database are 
inherited in the screening and prioritisation procedure. These include for example: 
 Only single chemicals relevant to environmental exposure are measured, for example Cu 
sulphate or As (III) oxide; 
 Data are available only for ecologically relevant species and human toxicity data are not 
available in the database; 
 Data are obtained under laboratory conditions (e.g. temperature, pH, etc) and may not be 
applicable in real environmental situations. 
 The available toxicity level is used for non-carcinogenic risk estimation only. Carcinogenic 
risk from inorganic chemical substances such as As, Cd and Ni are not covered by the 
ECOTOX database. 
3. Guideline Values and Site Specific Background Concentrations 
As discussed in Chapter 5 section 5.5, there are significant variations in the guideline values for 
most toxic trace elements between countries due to the different methods used to derive them. 
This results in great uncertainties in applying them during screening and prioritisation processes. 
The conservative range of guideline values selected by comparing different 
counties/organisations (i.e. the US, the UK, the Netherlands, Australia, the EU and the WHO) 
enable the appropriate inclusion of potential risk by minimising the chances of risks being 
overlooked. On the other hand, the potential risks could be over-estimated. Quantitative risk 
assessment in the Richmond study for example showed that, the uncertainties lying below the 
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guideline values, although Hg levels in soil were well below the SGV whereas As levels were 
above the SGV, the levels of Hg was actually posing much higher non-carcinogenic risk than As 
on people who ingest the soil (10 times higher). In the same study, it was also found that As 
concentrations at drinking water and ambient air guideline values still resulted in unacceptable 
levels of carcinogenic risk using Monte Carlo simulations and unit risk factors (Chapter 8, Table 
8.16). In these cases, having site specific background concentrations for the chemicals of 
concern is much more reliable in estimating potential levels of contamination. In the Richmond 
study, the estimated local natural background levels were estimated to reduce the uncertainty 
involved (Chapter 8, section 8.2.3). Although the issue related to the international guideline 
values are far beyond the scope of this study, the uncertainties involved have to be taken into 
account. Moreover, the site environmental manager should weigh the cost of collecting the data 
necessary to develop site-specific baseline concentrations with the potential for deriving a higher 
soil guideline value (SGV) that provides an appropriate level of protection. With the 
advancement of analytical techniques, and improvements in accuracy and precision, the 
guideline values are likely to be revised in the near future to provide more consistent and 
practical references for environmental risk assessors and managers globally. 
 
4. Monitoring Data 
Other knowledge uncertainty arises from the data used for risk assessment in this study. The site 
monitoring data provide the principal and useful means of filtering the sources of risk, thereby 
establishing a baseline for identifying potential problems however, monitoring data can only 
represent the past and present but not the future. For many risks the principal concern is not the 
continuation of the status quo but a fundamental change that will produce substantially greater 
danger (Covello and Merkhofer, 1993). Sometimes monitoring can identify trends that 
foreshadow a significant increase in the risk posed by a hazardous chemical; however, 
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monitoring is less useful if the cause of increased danger is a discrete event that is not easily 
detectable from the performance of the operation prior to the occurrence of the event such as 
chemical release caused by an underground mine explosion for example. This uncertainty is 
therefore inherited throughout the methods that use mainly monitoring data (e.g., in Modelling 
Uncertainty). 
9.2.1.2 Data Uncertainty in CGC 
Routine environmental monitoring is key for the understanding of the constantly changing 
existing and potential environmental risks from mining operations. There are two sources of 
uncertainties in the data collected and used for this study: the first is the uncertainty involved in 
field sampling and the other one is in laboratory analysis (which includes both sample 
preparation and chemical analysis). In this study, problems associated with analytical protocols 
were found during data evaluation. For example, in the Richmond study, the unfiltered As 
concentrations in ground water were always lower than the filtered ones which seemed 
counterintuitive. It might because during the preparation of the unfiltered samples, acid (usually 
nitric acid) was added to dissolve all the soils in the water. Some of the As however, may be 
complexed with organic matters and is thus filtered out during sample preparation resulting in 
lower levels of As in the unfiltered samples than in the filtered ones. Regardless of whether 
sample collections and analysis are outsourced to the third party or conducted in-house, 
appropriate and consistent Quality Assurance and Quality Control (QA/QC) are critical to the 
quality of the data for precautionary risk assessment. The sampling and analytical protocols 
published by FOREGS (2005a) demonstrate the procedures required to obtain consistent and 
reliable data.  
 
Moreover, if samples are analysed by an external commercial laboratory to the most reliable 
laboratory should be selected and constantly checks of its reliability against recognised standards 
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should be made.  
9.2.1.3 Modelling Uncertainty in CGC 
One category of uncertainty involved in the screening and prioritisation procedure arises from 
the algorithm itself – that is modelling uncertainty. 
 
The CGC algorithm has been developed for inorganic chemicals. It is not constructed to deal 
with organic compounds which continue to rely on other organic substance prioritisation 
procedures such as DYNAMEC. The existence of organo-metals especially organic Hg 
compounds in the environment under mining conditions should be taken into account during risk 
assessment and management. The inability of evaluating the risk from complex organo-metal in 
the mining environment poses a degree of uncertainty in the priority assigned to different 
chemical substances especially when Hg is involved. The potential risks associated with 
organo-Hg should therefore be discussed if inorganic Hg substances are identified as chemicals 
of greatest concern (e.g. Chapter 8, the Richmond case study). There is an opportunity to 
incorporate organic specific prioritisation functions in the future development of the algorithm. 
 
Another major limitation of the method is the uncertainty of scoring the quantity (Q), use 
patterns (U) and eco-toxicities (E). Final prioritisation is achieved using the products of these 
three parameters with reference to environmental monitoring data such as the Predicted Effect 
Concentration (PEC) over international environmental guideline values (as Predicted Non-effect 
Environmental Concentration (PNEC)) viz., PEC/PNEC. This could result in the 
oversimplification of the chemical use and release information in mining operations; and 
therefore overestimate or underestimate potential chemical related environmental risks. The 
debate over this approach to hazard identification is for substances with a natural background, 
especially metals and metalloids. Floyd (2006) argued that if the background concentration is B, 
 292 
the the PEC value should be B plus environmental concentrations resulting from the uses under 
study (PEC_add). Similarly, there will be a permitted additional concentration (PNEC_add) so 
that the PNEC = B + PNEC_add. Although the principle is sound as might be expected, defining 
a background value is problematic and costly. Of course it is even worse when B exceeds the 
PNEC as this implies that the natural background level already presents a significant risk (Floyd, 
2006). 
 
Furthermore, it is recognised from the case studies that the algorithm lacks dynamic in predicting 
the potential environmental risk from the release of inorganic chemicals. The CGC algorithm 
provides only a systematic environmental risk ranking on the basis of current operations (as 
uncertainty and limitations from monitoring data discussed in section 9.3.1.1.4). Although most 
of the estimates and predictions were based on site investigation, and environmental monitoring 
data as well as sound literature reviews, the presence of chemicals in the actual mining 
environment could vary due to even slight changes in pH, Eh, conductivity, the existence of 
other anions, cations, and organic material. Such variation would affect the behaviour, mobility, 
speciation and bioavailability of the inorganic substances of concern. Uncertainty however, could 
be reduced/minimised with iterative application of CGC algorithm on routine monitoring data to 
obtain more accurate and up-to-date scores.  
 
Further studies are required for the refinement of the screening and prioritisation procedure. 
These should focus on the evaluation and classification of the persistence and bioavailability of 
particular chemical species especially those of high toxicity including organo-metals and 
metalloids. Although simple persistence and bioavailability classification data have been 
incorporated in the procedure, it does not actually affect chemical scoring and expert judgement 
and certain assumptions are still required particularly for bioavailability.  
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9.2.2 Media of Greatest Concern (MGC) 
The MGC method developed and used in this study involves hazard (potential risk) identification 
using hierarchical theory (Hierarchical Holographic Modelling, HHM) and hazard filtering and 
ranking based on MCDM (Multi-criteria Decision Making). This method begins with 
decomposition of a complicated mining system according to its business units/operations. The 
subsystems are the manageable units for preliminary hazard identification by assessors although 
the hazard identification has no one fixed or correct structure because of different views or 
perspectives on the HHM. Using HHM in hazard identification facilitates a committee process 
for risk assessment since the HHM-based approach may be more supportive, relative to 
traditional hazard analyses of diverse and contradictory views of problem structure (Lambert et 
al., 2001).  
 
The hazard filtering and ranking processes consist of scenario filtering, bi-criteria filtering and 
multi-criteria filtering. The potential risk ranking methodology developed using MCDM together 
with the presentation of mining operations‟ performance (e.g. using spider diagram) facilitates 
communication between environmental managers, stakeholders, board members, financial staff, 
engineers and others using a common language (Burgman, 2005). The same language can 
communicate social, financial and human health risks, so that the environmental risks can be 
seen in context. As a result, environmental issues can be treated in the same way as other 
corporate and public issues, and included in discussion about the cost and benefits of actions. 
Besides, environmental and human health risks are evaluated against non-commensurable (e.g. 
mixed qualitative and quantitative data) criteria, making MCDM a more appropriate choice in 
mining risk assessment (Balasubramaniam and Voulvoulis, 2005).  
 
The MGC method has the advantage of operational simplicity and transparency and thus can be 
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applied routinely. With improved understanding of the basic system and monitoring data, most 
people can and do achieve useful results. The environmental and operational systems within 
mining operations are too complex to model exactly. The filtering approach enables complex 
qualitative and quantitative information to be integrated to generate assessments without 
extensive data and a complete understanding of the entire system. It also screens out risks that 
received relatively moderate or low valuation step by step aiding the following risk ranking 
process. The reduced list of important risks makes prioritisation and hence resource allocation 
more efficient and effective.  
 
Using the MGC method could also be beneficial in mine acquisition where current and potential 
environmental and human health risks must be evaluated thoroughly. Finally, it is also crucial for 
mining managers to recognise that environmental and human health impacts and risks are part of 
an iterative process and as such the findings of the assessment should be continuously reviewed 
and updated. Any risks screened out with low and moderate valuation will need to be considered 
repeatedly during the iterative risk assessment and screening processes. 
9.2.2.1 Knowledge Uncertainty and Data Uncertainty in MGC 
Most of the knowledge and data uncertainties discussed in the previous section on CGC such as 
uncertainties in chemical interactions, speciation, toxicity, guideline values and data uncertainties 
in sampling and analysing QA/QC (see section 9.2.1.) also exist in the MGC method. In addition, 
the knowledge uncertainty in the MGC method also includes understanding interactions between 
subsystems within each operation. Each mining operation could be viewed as a matrix of 
chemical flow activities. The bigger the scale of operation, the more complex the system 
becomes. The number of chemicals and chances of chemical interactions also increase 
accordingly. Therefore, understanding what each subsystem does and how the (chemical) 
product from one subsystem flows to the other is critical for initial hazard identification. For 
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example, in the RPM, ore mined from eleven mine shafts is put through the following main 
categories of processes: 
 
Crushing and Grinding – Froth flotation – Dewatering – Drying – Electric furnace smelting – 
Refineries (base metal and precious metal). 
 
As the master list in the RPM study (Figure 6.11) showed, there are more subsystems involved 
along the mainstream of processes; indeed, each subsystem can be further broken down to more 
detailed processes/activities. The interactions and links between them can be very complicated 
and directly affect the accuracy of the hazard identification process which thus has to be 
investigated comprehensively at the data collection stage.  
 
Another example is the subsystem called „power plant‟. All three mining operations studied have 
their own coal burning power plants. During the first application of the MGC method on the 
RPM case study, it was recognised that the potential impacts from the power plant on air, local 
community, workers and ecosystems were high. It was very difficult however, to distinguish 
these impacts from the smelter stack emissions based on currently available data as coal also 
contains toxic trace elements and the compositions of power plant emissions were unknown. In 
other words, the toxic trace elements concentrations in the air were probably a combination of 
emissions from both the smelter and the power plant. For the purpose of clarity for this study, the 
subsystem „power plant‟ was removed from the system decomposition of the Lisheen mine 
operation and the Richmond smelter operation and it was assumed all of the measured emissions 
were from the monitored point sources i.e., smelter stacks. It is important that environmental and 
human health impacts from power plant emissions are treated separately from the smelter. 
Moreover, the power plant‟s contribution to the total risk from the mining operations can be 
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quantified accurately when appropriate monitoring data become available.  
9.2.2.2 Modelling Uncertainty Using the MGC Method 
It is important to note that there are tradeoffs inherent in the application of HHM. A detailed 
HHM will yield a more accurate picture of the real scenario and consequently lead to a better 
assessment of the risk but with higher cost in terms of time and resources (Haimes et al., 2002). 
The balance between cost and levels of details and accuracy should also be taken into account 
while using this method. 
 
On the other hand, the method has uncertainties and limitations around hazard assessments. In 
general, the hazard filtering and ranking process are conservative, utilising simple monitoring 
data and assumptions generated under „worst-case‟ scenarios. For example, the methodology 
described here is for inorganic chemicals released during mining. Some of the effect mechanisms 
considered may also be applied to a wider range of compounds. Specific criteria for man-made 
organic chemicals should be developed for a more inclusive risk assessment for mining 
operations in the future.  
 
While gaining great flexibility in dealing with both qualitative and quantitative data using 
bi-criteria and MCDM filterings, the uncertainty in the nature of those two methods is also 
inherited in the MGC method as a whole related to the subjectivity in filtering and ranking. The 
bi-criteria filtering could be oversimplifying the potential source of risk by rating over its levels 
of „frequency‟ and „consequence‟. Although the matrix used for the risk classification was 
developed and tested using Military Standard (MIL-STD) 882, U.S. Department of Defence 
(DoD) (Roland and Moriarty, 1990), development of a more comprehensive matrix may be 
necessary if the levels of confidence in risk filtering and ranking increase in the near future.  
 
 297 
The ability to mix quantitative and qualitative data is an important feature of MCDM that is 
particularly useful where all potential impacts cannot be measured/estimated in the same way 
(Buckley, 1988, Nijkamp, 1988, Voogd, 1988). The MCDM procedure itself however, also brings 
subjectivity and bias into the decision making process especially in score assignment and 
weighting (Hobbs and Meier, 2000). Therefore, it is important to involve all relevant 
stakeholders and decision maker (such as environmental managers) at this stage of decision 
making to reduce bias.  
 
The comprehensive application of tiered risk-based approaches in legislation relating to 
contaminated site and engineering systems (U.S.EPA, 1998, U.S.EPA, 2002b, Bound and 
Voulvoulis, 2004) shows the value of developing a risk analysis and prioritisation methodology 
for industry generally. In this study, we demonstrate the value of such a method for the 
management of risk from potentially hazardous inorganic chemicals released by mining 
operations. As a method in preliminary risk screening and prioritisation, the potential levels of 
risk are expressed using qualitative terms such as „low‟ „medium‟ and „high‟ supported by 
numerical scorings and expert judgement. In order to provide a clearer and more useful 
understanding of the degree of risk and the uncertainty around an estimate, methods that allow 
presentation of risk in quantitative terms are needed. That is why Tier 2 probabilistic risk 
assessment (PRA) procedures are used when Tier 1 methods (i.e., MGC and CGC) identify at 
least one potential chemical of concern and its human exposure pathway. It is therefore more 
usual to find that any given risk assessment will still incorporate some element of qualitative 
judgement as well as quantitative elements(Roberts and Abernathy, 1996).  
9.2.3 Toxicity Assessment 
In toxicity assessment, a general distinction was made between „threshold‟ and „non-threshold‟ 
toxic effects. As discussed in Chapter 2, they are also called non-carcinogenic and carcinogenic 
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effects respectively under the U.S. EPA guidelines. Different parameters are used in the two 
distinctive classes of assessment (i.e., Reference Dose (RfD) (or Tolerable Daily Intake (TDI) is 
usually used in toxicity assessment for non-carcinogenic effects whereas the Slope Factor (SF) or 
unit risk value is used in toxicity assessment for carcinogenic effects). Uncertainties involved in 
their derivation methods need to be taken into account during toxicity assessment. 
9.2.3.1 Non-carcinogenic Effect with a Threshold 
Uncertainty factors are usually used in deriving RfD from NOAEL/NOEL or LOAEL/LOEL if 
experimental studies have failed to identify a NOAEL/NOEL but there is a strong mechanistic 
basis for believing that a threshold does exist. The best way to demonstrate the use of uncertainty 
factors as well as the implications from the derivation process is using illustrative examples of 
the process (see Table 9.5 by Paul et al. (2006)) 
 
 
The main limitation of available dose-response models is the uncertain accuracy of their 
Phenol 
 
The UK Committee on Toxicity of Chemicals in Food, Consumer Products and the Environment (COT) 
assessed the toxicological data on phenol with the objective of establishing a soil guideline value. A 
critical study in rats was identified that showed a NOEL of 70 mg/kg (bw)/day. It was considered that 
standard uncertainty factors of 10 for extrapolation from rodent data and 10 for variability within the 
human population were appropriate to apply to this NOEL, leading to the derivation of an oral TDI of 
0.7 mg/kg (bw)/day. 
 
Linuron (herbicide) 
 
When the UK Advisory Committee on Pesticide (ACP) considered the data on the substituted urea 
herbicide, linuron, evidence of potentially important effects were noted in long-term studies in rats. Even 
at the lowest dose tested (25 ppm in diet, equivalent to 1.3 mg linuron/kg (bw)/day), a reduction in 
incidence of pituitary tumours was apparent. While a reduction in tumour incidence might, at first sight, 
be considered an unlikely cause or concern, this change was attributed to altered hormonal status in the 
animals and hence was considered to be of potential significance to human health. A factor of 10 was 
applied for interspecies extrapolation and another factor of 10 for variability within the human 
population – plus an additional factor of 5 because of the use of an experimental LOEL rather than a 
NOEL, thus giving an overall uncertainty factor of 500. on this basis, an TDI of 0.003 mg/kg (bw)/day 
was calculated. 
Table 9.5 Using Experimental Toxicity Data to Derive Human Intake Standards  
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predictions. To the extent that such models represent underlying causal mechanisms, confidence 
in their predictions might be warranted; however, dose-response models are generally gross 
oversimplifications of complex processes (Covello and Merkhofer, 1993). 
9.2.3.2 Carcinogenic Effect without a Threshold 
Regarding the SF, as mentioned in the literature review (Chapter 2 section 2.4.3.3), the linear 
mathematical models that are used to quantify the expected level of response using the results of 
high-dose animal experiments to predict low-dose human exposure situations have found little 
favour in the UK and Europe (Paul et al., 2006). The robustness and predictivity of the modelling 
is open to considerable debate as the assumption of low-dose linearity also appears inconsistent 
with growing scientific understanding (Covello and Merkhofer, 1993). According to the 
predominant current view, the multistep cancer process includes stages of initiation, promotion 
and proliferation (invasiveness and metastases) (Ames et al., 1987). While a linear relationship 
may be plausible for initiation, promotion appears to involve a threshold, possibly because of the 
association of cell proliferation with the killing of neighbouring cells. Proliferation is poorly 
understood, but may be accelerated by oxygen radicals, which may be produced through chronic 
cell killing. Proliferation, however, seems to involve dose-response relationships with apparent 
thresholds. Thus the dose-response relationship logically depends on the particular stages of the 
cancer process that it accelerates. Furthermore, if the carcinogen affects several stages, 
multiplicative effects would be expected. Indeed, there is growing evidence to support the idea 
that a nonlinear dose-response relationship applies for some genotoxic carcinogens and most 
non-genotoxic carcinogens (Covello and Merkhofer, 1993). Rather, approaches such as deriving 
an index dose (representing a maximum risk of, for example, 1 in 10
-4
 for a particular source of 
exposure) coupled with use of ALARA (as low as reasonably achievable) or BATNEEC (best 
available technology not entailing excessive costs) have found favour. Such an approach is used, 
for example, by the Environment Agency in the derivation of Soil Guideline Values (SGVs) for 
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contaminated land for non-threshold chemicals ((Defra and Environmental Agency, 2002, Gargas 
et al., 1996). 
9.2.4 Exposure Assessment 
The most important uncertainty in exposure assessment relates to constraints on its ability to 
provide the basic data needed to apply statistical methods. Comprehensive high quality exposure 
data are rare in occupational settings and even rarer in the environmental context because 
monitoring data are often sparse (Paul et al., 2006). Modelling is therefore often used to estimate 
exposure but this can be unreliable and difficult to validate. The uncertainty involved in 
mathematic modelling of human exposure through different exposure pathways (i.e., ingestion, 
inhalation and dermal) should be taken into account in risk management. Monte Carlo 
simulations (MCS) are therefore used to analyse the uncertainty and variability involved. It is the 
most widely used method for PRA, whose most common application is exposure assessment 
(Lester et al., 2007). A number of articles indicate the increased use of the MCS in exposure 
assessment (Mokhtari and Frey, 2005, Kentel and Aral, 2005, Linkov et al., 2002, Nayak and 
Kundu, 2001). In the Richmond case study, site-specific data were not available for the majority 
of the exposure variables such as exposure duration, water intake rate and body weight. In order 
to carry out PRA to quantify the potential chemical related human health risk, it is crucial that 
the probability distribution fits the available site-specific data or representative surrogate data to 
characterise variability. Therefore, a distribution was selected from existing monitoring data or 
developed from published data sets and data summaries (see Chapter 8, section 8.5.2, Table 8.9). 
In addition, human intake of heavy metals through food is an important pathway but the 
concentrations of the toxic trace elements in local crops are rarely analysed. This remains a 
major gap in the Richmond human health risk assessment. 
 
It is crucial to understand that some of the currently incomplete pathways which maybe 
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potentially complete in the foreseeable future should also be taken into account in the exposure 
assessment. 
9.2.5 Risk Characterisation 
Risk Characterisation integrates exposure assessment and toxicity assessment data to 
characterise risk. Therefore at this stage, the MCS is used to combine uncertainties in exposure 
and toxicity assessment and present the probability distribution of risk. The uncertainties from 
both exposure assessment and toxicity assessment discussed above are inherited in the ultimate 
site risk quantification process. Sensitivity analysis is therefore used to evaluate the parameter 
and model uncertainties involved in the previous assessments to understand the levels of 
confidence on the estimated levels of risks. This was achieved using MCS in the Richmond case 
study (Chapter 8, section 8.8).  
9.4 Methodology Integration 
The risk assessment methodology developed, used and discussed in the previous chapters is 
regarded as one of many tools available to decision makers or as a decision making process itself. 
As reviewed in Chapter 2.4.1, risk management cannot and should not be based simply on 
scientific understanding of how best to manage risks (Earle and Cvetkovich, 1997). Sound risk 
management involves risk assessment, risk perception and communication, remedial strategies 
development, and mitigation of risk. In other word, risk management involves the interaction of 
science and policy. The incorporation of social preferences, often characterised in terms of the 
moral and ethical implications that lie at the heart of a democratic society must be addressed at 
some point in the decision-making process (Gerrard and Petts, 1998). As a result, risk perception 
and communication are as important as the scientific part of risk management during strategic 
decision making. Although developing remedial strategies and mitigating risk are beyond the 
scope of this research, the potential problems related to risk perception and communication 
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should be considered in order to integrate the risk assessment methodology developed into the 
actual risk management successfully.  
9.4.1 Risk Perception 
The perception of risk is important in chemical-related risk management and is driven by a 
number of factors. Whereas the professional risk analyst will evaluate the degree of risk posed by 
a hazard in terms of the results of a risk assessment and consideration of the risk management 
options, the majority of the public relies on intuitive judgement (WHO, 1999). Thus, different 
people can be expected to perceive risk differently, depending on the likelihood of adverse 
effects, whom it affects, how familiar or widespread the effect is, an whether the individuals 
have voluntarily agreed to bear the risk and if they perceive potential benefits to themselves 
(WHO, 1999). Very often, risks that are unknown, involuntary and/or dreaded are perceived as 
being greater and more important than risks that are common, voluntary and well understood. 
 
While this study is focusing predominantly on the assessment of risk based on standard scientific 
principles, it is fully acknowledged that risk perception is an important element in the overall 
risk assessment and management paradigm that can impact on the final risk management 
solution selected. Thus it is important for risk assessors to ensure that risks and the possible 
options to address them are fully and clearly communicated to all stakeholders (Paul et al., 
2006). 
9.4.2 Risk Communication 
The tiered risk assessment procedures developed, especially the Tier 1 risk screening and 
prioritization procedures will work best if there is enough transparency between risk assessors 
and mine operators, and the system is fully understood by all parties. The same applies to risk 
management. Risk management works best if there is enough transparency between mine 
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operators and the stakeholders (e.g., decision/policy makers and public affected). In order to 
integrate the risk assessment and management, risk communication must be essentially a 
two-way or interactive process which aims to: 
 Promote understanding and inform the stakeholders about health and safety both in normal 
and in emergency situations based on the results of scientific risk assessment; 
 Enable the informed views of the public to be taken into account in company 
decision-making; 
 Improve mutual understanding of public and mining company‟s attitudes to policy making 
on both health, safety and the environment, e.g., by identifying the reasons for differing 
opinions and seeking ways to arrive at decisions which can be accepted with minimum 
disagreement from all of the stakeholders involved; 
 Improve the risk assessment accuracy through stakeholder involvement and communication. 
There is great concern that over time, risk assessment has become more of a procedural than 
a substantive concern. The „due process‟ which is followed in conducting risk assessments is 
now as influential as, if not more than, the results themselves. This is particularly the case in 
the U.S.and is becoming increasingly so in the UK (Gerrard and Petts, 1998). 
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CHAPTER 10  CONCLUSIONS AND FURTHER RESEARCH 
10.1 Conclusion 
Metals have been central to the development of human civilization although historically, mining 
and smelting have been the cause of local environmental pollution with the potential to harm 
human health. It has been estimated that extraction of lower grade ores in the future has the 
potential to double the quantity of mine wastes within the next 20-30 years. With the 
introduction of more environmental regulations associated with mining operations and emissions, 
there is a great need to develop a risk-based approach for the mining industry to reduce corporate 
risk from problems associated with the release of chemicals to the environment. 
 
By understanding the complexity of the mining, milling, smelting and refining processes as well 
as the potential hazards posed by toxic metals and metalloids used and released from them, a 
new tiered risk assessment methodology has been developed based on the traditional risk 
assessment framework first proposed by the U.S.NRC. Tier 1 consists of data collection and a 
new method of semi-quantitative data evaluation to identify Chemicals of Greatest Concern 
(CGC) and Media of Greatest Concern (MGC). Tier 2 is traditional probabilistic risk assessment 
(PRA) using Monte Carlo simulation (MCS) when the results from Tier 1 indicate potential 
human exposures to chemicals of greatest concern. 
 
The new tiered risk-based procedures are applied to three of Anglo American plc‟s mining 
operations across three continents namely: the Rusternburg Platinum (Pt) mine (RPM) in South 
Africa, the Lisheen Pb-Zn mine in Ireland and the Richmond Cu smelter. There are two major 
benefits from the implementation of a consistent risk-based approaching to mining companies. 
First, it provides systematic data evaluation for better understanding the potential environmental 
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and human health risk at site level. The findings from each case study are summarised below: 
 
The RPM: 
 
 Air presents the highest potential risk to workers and people who live in the informal 
settlements around the RPM operations. The greatest concern centres on the fugitive 
emissions from the furnace building and ACP and the main stack of the Waterval smelter. 
 The surface water system in Rustenburg is ephemeral and most tailing dams do not have 
liners, therefore leakages to surface waters are most likely to be via groundwater. 
 The levels of Cd, Cu, Pb and Zn in sediments could be significantly enriched as these trace 
elements can be complexed with Fe-Mn hydroxides and humic/organic materials in the fine 
size fraction of stream sediments in the pH/Eh conditions typical of surface stream water in 
the region. High levels of toxic trace elements in the sediments could then be deposited on 
pasture during flooding events or exposed to air during dry seasons leading to the 
contamination of soils and vegetations which are used for cattle grazing or arable farming. 
 
The Lisheen Mine: 
 Discharge from the Lisheen mine is the main pathway for releasing potential hazardous 
chemicals such as CuSO4, total Cu, soluble Cd species (especially CdSO4, CdCl2), soluble 
Zn species (especially ZnSO4, ZnCl2) and total As into the environment; 
 High levels of heavy metals were found in the river sediments which have the potential to 
pose a risk to both the environment and human health. Regular clean-up action is now 
carried out to minimise this type of exposure; 
 Levels of the key chemicals of concern are generally low in other exposure media such as 
soil and air; 
Because no human exposure routes were found in the Lisheen area based on the site 
characteristic data, Tier 2 risk quantification was not required. 
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The Richmond Smelter: 
The key chemicals of concern and their sources and associated human health exposure routes are 
summarised in the Table 9.1: 
Table 9.1 Source and Exposure media of Chemicals of Concern in the Richmond Area 
Trace 
Elements 
Anthropogenic 
Source 
Exposure Media 
Cancer Risk Non-cancer Risk 
As 
Main point source 
is stack emission 
with minor less 
bioavailable trace 
elements from slag 
dump 
Mainly inhalation of 
PM10 (81%), drinking 
groundwater (19%) 
Drinking water > soil 
ingestion > inhalation 
Cd Air inhalation 
Drinking water > soil 
ingestion > inhalation 
Cu N/A 
soil ingestion > Drinking 
water > inhalation 
Hg N/A 
soil ingestion > Drinking 
water > inhalation 
Pb N/A 
soil ingestion > Drinking 
water > inhalation 
 
 No acute or chronic toxic effect from any inorganic chemical has been identified in the 
Richmond area since average daily doses from all exposure pathways are well below the 
RfD. The potential risk of carcinogenicity to the local residents downwind of the smelter 
from inhalation of As contaminated air means that further monitorings are required.  
 The study also showed a potential carcinogenic risk to workers from As in the on-site 
well water although their levels of As are closely monitored. The relatively high levels of 
As in groundwater beneath the lease area are thought to be natural since the setting (delta 
sand and gravels near active mountain ranges) is closely similar to that of Bangladesh. 
Moreover, there is no evidence of downward percolation of As from soil profile in the 
area. 
 All non-carcinogenic risks for local residents are low. The main concern is the potential 
for Hg levels to increase in surface soils around the Richmond smelter in the future. 
 The soil profiles in the Richmond area do not show any enrichment of Ni although Ni is 
presented in Cu concentrate and is likely to be emitted through smelting and refining 
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process and transported by air to the surrounding areas. It is recommended that Ni be 
monitored in the air quality monitoring stations especially in the PM10 fraction for a 
period of time to rule out any Ni inhalation related carcinogenic risk. 
 It is also recognised that food ingestion is an important exposure route to human beings 
for potential hazardous chemicals such as heavy metals in the Richmond area. Therefore, 
heavy metal analysis (survey) on agricultural commodities around the Richmond area 
(e.g. artichokes, Lucerne) would significantly improve the quality of human health risk 
assessment. 
 
The other main benefit of the risk-based approach that contributes to Anglo American plc‟s 
strategic decision making is the ability to compare performance of its international operations 
based on the consistent results generated using the same methodology.  
 
The data availability and quality however, directly influences the extent to which CGC and MGC 
can be used effectively for data evaluation. Based on the distinctive nature of the two methods, 
the MGC method can be carried out on mining operation with mainly qualitative data whereas 
sufficient quantitative monitoring data are required for the CGC algorithm. As a result, in this 
study, only the MGC method was applied on the RPM case study since there was not enough 
quantitative data available for identifying chemicals of greatest concern. Both the MGC and 
CGC methods were applied to the Lisheen mine and the Richmond smelter operations. 
 
Finally, uncertainties involved in this study are identified based on the understanding of the 
strengths and weaknesses of the risk assessment methodology through three case studies: 
 
Knowledge uncertainty mainly includes lack of understanding of chemical interactions and 
speciation, chemical eco-toxicity, environmental guideline values, site specific background 
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concentrations and monitoring data. The complexicity of the mining operational systems also 
contributes to the uncertainties of the hazard identification process. 
 
Data uncertainty is the uncertainty involved in field sampling and the other one is in laboratory 
analysis. Regardless of whether sample collection and analysis are outsourced to the third party 
or conducted in-house, appropriate and consistent Quality Assurance and Quality Control 
(QA/QC) are crucial to maintain the quality of the data for risk assessment. 
 
Modelling uncertainty involved in this study mainly comprises the inability to deal with 
organic chemicals, oversimplification, subjective risk scoring and lack of dynamic in predicting 
potential environmental risk from the future release of inorganic chemicals. 
 
Further studies to refine the screening and prioritisation procedure are required. These should 
focus on the evaluation and classification of the persistence and bioavailability of particular 
chemical species especially those of high toxicity organo-metals/metalloids. 
 
It is also crucial for mining managers to recognize that environmental and human health impacts 
and risks are part of an iterative process and as such the findings of the assessment should be 
continuously reviewed and updated. Any risks screened out with low and moderate values will 
need to be considered repeatedly as the iterative risk screening processes take place. 
 
10.2 Novelty of the Research 
The specific contribution of this research to existing knowledge comprises both qualitative and 
quantitative aspects of risk assessment for mining industry. Although they are separate, they are 
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best considered in combination, because the former can guide and drive the latter one towards 
more sustainable mining environment. 
 
Qualitative Contribution 
The background reviews confirmed the trend and movement of international regulations on 
chemicals in the environment towards industry initiatives (e.g., REACH). In line with the 
precautionary principle, it is imperative for mining industry to adopt risk based approaches in 
reducing and minimising chemical-related environmental and human health risks. Furthermore, 
studies on the toxic heavy metals provided a systematic review based on the 
source-pathway-receptor model. Their natural and anthropogenic sources, potential pathways to 
environmental and human receptors and implications on human health were evaluated 
respectively in mining context. 
 
Quantitative Contribution 
This research focused mainly on the scientific part of risk management therefore, quantitative 
contributions include development and application of the tiered risk assessment methodology in 
three case studies. The methodology serves as a bridge between operational performance and 
strategic decision and policy making. On the basis of the conventional four-step risk assessment 
framework, two semi-quantitative data evaluation methods namely, the Chemicals of Greatest 
Concern (CGC) and the Media of Greatest Concern (MGC) methods were developed for Tier 1 
data evaluation.  
 
The CGC method was developed based on the understanding of the differences between organic 
and inorganic chemicals‟ properties and focused only on the inorganic chemicals pre-existing, 
used and released from mining operations. It consists of two main steps: hazard screening 
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followed by prioritisation. The first step screens chemical species according to the following 
three key criteria: 
1. Whether the substance is a biologically essential element or not; 
2. Whether it is found in concentrations in the environmental media that clearly exceed the 
local natural background levels; 
3. The solubility, eco-toxicity and bioavailability of the various chemical species of the 
element. 
On the basis of this initial screening, an inorganic substance may be screened out, or be taken 
forward to step 2 – prioritisation according to its quantity, use pattern, eco-toxicity and 
environmental monitoring data. 
 
The general MGC method consists of several scientific analytical procedures (i.e., conceptual 
model construction, hazard identification, hazard assessment and risk communication) each 
individual procedure is selected and used based on the nature of particular environmental and 
human health risks associated with different types of mining. Various decision making methods 
were incorporated in the MGC method: 
1. Hazard identification was achieved by system decomposition using the Hierarchical 
Holographic Modelling (HHM) method; 
2. Hazard assessment consisted of 3 stages of hazard filtering namely scenario filtering, 
bi-criteria filtering and multi-criteria filtering using Multi-criteria Decision Making 
(MCDM). 
3. Levels of risks associated with different environmental media were calculated using 
MCDM and represented in spider diagrams for communicate and visualisation in order to 
present the holistic environmental performance of the mining operation. 
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The case studies on the three mining operations not only demonstrate the systematic risk-based 
assessment based on current available environmental data and site characteristics, but also enable 
cross comparison of Anglo American plc‟s global mining operations and thus inform high level 
decision making and resource allocation effectively. Manageable uncertainties (i.e., knowledge 
uncertainty, data uncertainty and modelling uncertainty) involved in the specific methods 
developed and traditional human health risk assessment procedures are identified. Potential 
solutions to reduce the level of uncertainty in risk assessment are also suggested.  
10.3 Further Perspectives 
Chemicals of Greatest Concern 
The implementation of REACH will lead to the generation and publication of comprehensive 
data on a few thousand high-volume substances. It is to be hoped that this much larger data set 
will enable much more reliable screening and prioritisation to be performed. It is likely that the 
additional data generated under REACH will also facilitate more discussions on PBT for organic 
chemicals and eco-toxicity, solubility and speciation for inorganic chemicals. It is likely 
therefore that there will be great opportunities to test and validate the screening and prioritisation 
criteria on both organic and inorganic chemicals in the future. 
 
Media of Greatest Concern 
There is a need for more user-friendly interface and guidelines to assist those who are not experts 
in risk assessment but, nevertheless, have a responsibility for the assessment and evaluation of 
the risks associated with chemicals in mining operations. It may be the case that this will result 
in a generally accepted screening and prioritisation (such as the use of the MGC method) to 
ensure that resources are focused on the risks of greatest concern for the environment and human 
health. 
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Toxicity Assessment 
To date, risk assessments have tended to concentrate on the risks associated with single 
chemicals. It is entirely possible that consideration of chemicals in combination could lead to a 
more probabilistic approach – for example, what is the probability that chemical X will occur in 
combination with chemical Y to produce synergistic/antagonistic effects? Although some work 
has been done in this field, it is far from adaquately developed to be integrated into regulation 
(Christensen et al., 2003). Moreover, because of the range of uncertainties involved in health risk 
assessment for environmental chemicals, it is common practice to subject such evaluations either 
to extensive peer review or to use an expert committee to make the final judgements on 
particular outcomes and conclusions. Thus the European process for chemical risk assessment, as 
defined for example in the Technical Guidance Document (TGD) on Risk Assessment of 
Chemical Substances following European Regulations and Directives (ECB, 2005) involves 
cross-agency and cross-national inputs into the assessment and interpretation of data. More 
comprehensive and reliable environmental chemicals toxicity data are required for risk 
assessment. 
 
Exposure Assessment 
Food ingestion should be taken into account during quantitative risk assessment as it is 
potentially an important exposure pathway; the relevant monitoring data for example of crops are 
rarely available however. It is recommended therefore that biological monitoring should be 
conducted when the results from Tier 1 indicate high potential risks to human beings from this 
source. 
 
Risk Characterisation 
It is unlikely that there will be much change in the general approach to risk characterisation since 
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it is difficult to challenge the underlying assumption that if the predicted level of a chemical 
exceeds the no-effect level, there will be a risk. During future mine site risk assessment, however, 
it is crucial to improve the environmental monitoring data quality in order to improve the results 
of risk characterisation. 
 
Finally, it is important to keep in mind that since the subject dealt with in this study is on 
critically important industry that has a vital role to play in the real world, the projection of 
Einstein‟s statement to the field of risk assessment and management in mining might be as 
follows: 
To the extent that risk assessment is certain, it is not real; 
To the extent that risk assessment is real, it is not certain. 
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Surface mining 
methods 
Description Class/subclass Conditions Application 
Borehole 
mining/borehole 
extraction 
Mining methods using wells to access mineral values located under 
the earth. The wells are generally used to inject water and/or a 
lixiviant into the mineral deposit to effect the mineral extraction. The 
methods of attack are melting, leaching, dissolution and slurrying the 
valuable mineral for recovery purpose. Single-well procedures: 
melting, dissolution and slurrying e.g Frasch process of sulfur 
melting. Flooded leaching is the method used when the deposit is 
subjected to a lixiviant without air being present. Primarily used in 
buried deposit of copper and uranium where the grade is too low for 
underground mining and the depth too great for surface mining. 
Possible groundwater contamination and limited to deposits that 
dissolve, melt or slurry in water. 
Although the well methods of solution mining may be of increasing 
importance in the future, environmental concerns will likely temper 
their growth. Thus, planning and control of environmental protection 
is of utmost importance in these methods 
Aqueous/solution Ore strength: reasonably competent but porous 
and permeable (alternatives: must dissolve, 
melt, or slurry in water) 
Rock strength: surrounding rock must be 
competent and impervious 
Deposit shape: any, but prefer tabular deposit 
with large extent. 
Deposit dip: any, preferably flat or low 
Deposit size: moderate to large, 
thickness >15m 
Ore grade: intermediate (sulfur>5%) 
Ore uniformity: variable to uniform. 
Depth: intermediate to high (sulfur generally 
60-750m, typically less than 3000m for other 
commodities) 
Moderate to large quantities required 
Single-well and 
multiple-well types 
have been practiced in 
the mineral industry and 
the Frasch process is the 
only means of 
recovering sulfur 
directly involving the 
mining process. The 
multiple-well methods 
have been applied in the 
U.S primarily in mining 
uranium and copper. 
Both can be brought 
into solution using 
either sulfuric acid or 
ammonium carbonate as 
the lixiviant, provided 
that the deposit is 
sufficiently permeable. 
Leaching Two variations: percolation leaching and flooded leaching. The 
process is basically chemical but may be bacteriological as well. 
Increasing used in the recovery of gold and silver over the last 
decades and is also used on copper and uranium. 
Aqueous/solution Ore strength: permeable or rubblized material. 
Rock strength: can be weak but must be 
impervious to fluid transport. 
Deposit shape: massive or large vein 
metal  
Leaching technology 
has been growing 
steadily in the 
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Control of liquids used in leaching operation is crucial to sound 
environmental operation of the leaching system. The heap must be 
placed on a pad that keeps the liquids circulating in the system and out 
of the surrounding geologic materials. 
A number of different remediation procedures are used after leaching 
to ensure that chemicals do not become an environmental hazard. The 
active leaching chemicals can be neutralized in the case of acid or 
destroyed by bacteria in the case of cyanide (bioremediation) 
Water balance must be controlled by proper design. Possible 
environmental hazards, especially groundwater contamination. 
Lixiviants may be dangerous to birds. 
Deposit dip: steep, if a vein. 
Deposit size: any, prefer large. 
Ore grade: can be very low 
Ore uniformity: variable, minerals should be 
accessible to the leach solution. 
Depth: depends on the type of leach; typically 
less than 300m 
Moderate to large amounts of water required. 
extraction of gold, 
silver and copper on the 
surface and in uranium 
in situ. 
Placer mining 
methods 
(hydraulicking)  
Gold pan, sluicing, rocking, hydraulic giant and ground-sluice 
method. 
A high-pressure stream of water is directed against a bank to undercut 
and cave it. As the material disintegrates, the loosened particales 
(mineral, sand and gravel) are slurried in water and washed into a 
sluice, either a natural trough in the ground or a metal or wooden box, 
where it is transported by gravity to a riffle box or other more 
elaborate concentrating device. 
Development of a hydraulicking operation will not proceed unless an 
adequate supply of water (preferably upstream), a suitable waste 
disposal area (preferably downstream), and control of water quality 
are possible. Hydraulicking disturbs the land and water significantly 
and is therefore often outlawed. Sever environmental damage, 
extensive water requirement. 
Aqueous/placer Ore strength: prefer heavy minerals in 
unconsolidated soil or gravel with minimum 
boulders. 
Rock strength: unconsolidated. 
Deposit shape: placer type, tabular, bank or 
bench. 
Deposit dip: nearly flat (2-6% grade) 
Deposit size: small to intermediate with 
thickness of 5-60m 
Ore grade can be very low. 
Ore uniformity: fairly uniform. 
Depth: very shallow, little overburden. 
Require large quantity of water. 
Primarily for Gold, Tin 
and other heavy 
minerals (metal and 
non-metal) 
Dredging Underwater excavation of a placer deposit, usually carried out from a Aqueous/placer Ore strength: unconsolidated deposit of soil, Gold and other heavy 
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floating vessel called a dredge, which may incorporate processing and 
waste disposal facilities. 
Trap for fine gold (a copper plate covered with mercury makes a good 
trap for fine gold. Jigs, which are concentrating devices used in many 
mills, may be used to recover gold and other heavy minerals. 
Anchoring floating dredge ( with pivot spud or anchor) 
Environmental damage can be severe. Environmental protection must 
be exercised. High capital investment and inflexible and unselective. 
grave, or similar material; some boulders 
permissible, depending on dredge type; prefer 
valuable mineral to be heavier than waste. 
Rock strength: unconsolidated. 
Deposit shape: placer type, tabular, bank or 
bench. 
Deposit dip: preferably flat (maximum2-6% 
grade) 
Deposit size: intermediate to large with 
thickness of 8-60m 
Ore grade can be very low. 
Ore uniformity: fairly uniform. 
Depth: very shallow, little overburden. 
Moderate quantities of water required 
(13-125l/sec) 
minerals 
(metal and non-metal) 
Open-pit mining 
(stripping) 
Requirements: stripping overburden, mining the valuable minerals 
and the auxiliary operations.  
Design of the benches and the haul roads is a major concern. Stripping 
ratio: continue stripping back the waste as the pit is deepened and ore 
is produced. Mining and stripping continue at the same time. In an 
open-pit operation a time finally comes when the economic limit is 
reached. The usual stripping ratio for waste to ore for most copper and 
iron mines is about 2 :1. (Range of 0.8 to 4 m3/tone). 
Depth limited: 300m; high capital investment associated with large 
equipment. Extensive reclamation maybe required as an expense 
added to the production cost. Weather can impede operation. Must 
Mechanical  Any ore strength 
Any rock strength 
Any deposit shape, but prefer deposits parallel 
to the surface. 
Any deposit dip but prefer deposit with low 
dip. 
Large or thick deposit size. 
Ore grade can be very low if other conditions 
are favourable. 
Prefer uniform ore, but blending can be easily 
implemented in most operations. 
Copper, gold, iron and 
other open-pit ore 
mining (metal and 
non-metal) 
However, it has also 
been applied to coal, 
uranium, bauxite, 
molybdenum and most 
nonmetallics. It is also 
the most common 
method used in surface 
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provide waste disposal, provision of dump area and proper dump 
design is essential. Pit may fill with water after mining, water may be 
polluted. 
Shallow to intermediate depth limited by the 
economic strip ratio. 
limestone and other 
surface stone quarries. 
Open cast (stripping 
and loading) 
Resembles open pit mining but the overburden is not transported to 
waste dumps for disposal but cast directly into adjacent mined-out 
panels. It is not just the replacement of haulage with casting that 
makes open cast mining attractive, the disposal of spoil in mined-out 
areas means that the mining activity is concentrated in a relatively 
small area and that reclamation can immediately follow mining. 
Shovel loaded directly into the rail-cars which were used extensively 
in pits and strip mines in the past. There are pits where rail service is 
still utilised, but with less frequency since the increase in size of 
diesel powered trucks (flexible, go wherever there is a road, climb 
steeper grades and does not require relocation of track. 
Depth limit: 90m; stripping ration: 1.3 to 19m3/tonne; Bad public 
image, surface is damaged, extensive environmental reclamation 
required. Environmental cost is substantial. Weather can impede 
operation. Surface runoff must be controlled since it can damage 
streams if not properly managed. 
Mechanical Any ore strength. 
Any rock strength 
Tabular, bedded deposit shape. 
Any deposit dip, prefer horizontal or low dip. 
Prefer continuous deposit, large in lateral 
extent deposit size. 
Ore grade can be very low if other conditions 
are favourable. 
Uniform ore. 
Shallow to moderate ore depth to control 
stripping ratio 
 
Coal, non-metal  
Used extensively for 
surface mining of coal 
in the U.S. also used for 
producing anthracite 
coal, bentonite, lignite, 
phosphate, tar sands and 
uranium. 
Auger mining A method that recovers coal or other minerals from under the highwall 
when the ultimate stripping ratio has been achieved in open cast 
mining operations. 
An augering machine or continuous mining device that bores parallel 
holes or entries into the highwall extracts the coal. While the 
equipment goes underground, the crew remains on the surface and 
operate the equipment remotely. 
Mechanical Any ore strength. 
Any rock strength 
Tabular, bedded deposit shape. 
Low or nearly horizontal deposit dip. 
Small to large deposit size. 
Ore grade can be low. 
Uniform in thickness, free of partings. 
coal 
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Operation is limited to certain conditions associated with open cast 
mining, method rarely employed alone. Methane explosion a hazard 
can be mitigated.  
Shallow to moderate ore depth. 
 
Quarrying Surface quarries resemble open pits, but the benches are lower and 
generally vertical. Suited to some small deposits with low capital cost 
and not extensive mechanization. Good safety and easily accessible. 
No bank support required. Low productivity and high labour cost 
(relatively skilled) make it the most costly mining methods in use 
today. Waste can be 60 to 90%. Complicated and costly rock breakage 
because of inability to use the full power of explosives. 
Mechanization is limited by the nature of the method Inflexible  
Mechanical Structurally sound ore strength, free of 
unwanted defects. 
Any rock strength. 
Thick-bedded or massive deposit shape, large 
in lateral extent. 
Any deposit dip, if thick. 
Large thick deposit size 
High in physical and visual qualities of ore 
grade. Uniform ore quality. Shallow to 
intermediate depth 
Non-metal 
For dimension stone is 
limited to the 
production of specific 
geologic materials that 
have either structural or 
aesthetic architectural 
properties. 
     
     
Underground mining 
method 
Description Class Conditions Explosive Application 
Systematic 
Room-And-Pillar 
method 
Caving and subsidence occur with pillar recovery. 
Poor recovery without pillar recovery. Extensive 
development required in coal because of multiple 
openings and potential health and safety hazards 
exist, especially in coal mine. 
Ventilation is important especially in coal mines 
where large amounts of air are required to dilute 
gases to levels below explosive concentration. 
Rooms start from the side entry and extended to 
unsupported Ore strength: weak to hard (generally does not 
limit the method) 
Rock strength: moderate to strong 
Deposit shape: tabular. 
Deposit dip: low (<15º), prefer flat. 
Deposit size: large areal extent; prefer seam 
with less than 4.5m thickness. 
Ore grade: moderate. 
Ore uniformity: fairly uniform, particularly in 
Required Predominantly used in coal mining 
but finds some used in other deep 
deposited ore (coal and non-metal) 
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prepare more coal for mining. Pillars are left 
between the rooms to support the roof or back. In 
this method, 30 to 60 % of the coal or other mineral 
remains in the pillars after the rooms are mined. The 
final stage of this method is to recover pillars by 
allowing some areas to cave. 
thickness. 
Depth: shallow to moderate (<450m for coal or 
<600m for noncoal, or <900m for potash) 
Stope-and-pillar 
mining 
Most widely used of all underground hard-rock 
mining procedures. Accounts for about 50% of the 
U.S. underground noncoal production. 
Stope and pillar mining process is similar to 
room-and-pillar mining in several ways. However, 
they are differentiated from room-and-pillar if it 
meets at least two of the following qualifications: 
1,2,3 
unsupported  Required Non coal 
Shrinkage stoping Ore and walls are strong and self supporting. Broken 
ore is left in the stope to provide a working platform 
for the miner. Because breaking the ore increases its 
volume by 40% ore more, some ore must be pulled 
out of the stope as mining progresses. Large 
production per man shift since scaling, drilling, and 
blasting are the main operations. The disadvantage is 
that a large amount of mined ore must remain in the 
stope until mining is completed. 
unsupported Ore strength: strong. 
Rock strength: fairly strong to strong. 
Deposit shape: tabular to lenticular, regular dip 
and boundaries. 
Deposit dip: fairly steep (>45º; prefer 60 to 90º 
to facilitate ore flow) 
Deposit size: narrow to moderate width (1 to 
30m), fairly large extent. 
Ore grade: fairly high. 
Ore uniformity: uniform, blending not easily 
performed. 
Depth: shallow to moderate (<750m) 
Required Steeply dipping veins. More suitable 
than sublevel stoping for stronger 
ore and weaker wall rocks 
(metal and non-metal) 
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Sublevel stoping Large blasts can cause significant vibration, air blast, 
and structural damage. 
Resembling room-and-pillar mining requires both 
walls and ore must be strong enough to stand 
unsupported over large spans. 
unsupported Ore strength: moderate to strong, may be less 
competent than for stope-and-pillar mining. 
Rock strength: fairly strong to strong. 
Deposit shape: tabular or lenticular, regular dip 
and boundaries helpful. 
Deposit dip: fairly steep (>45º, preferably 
60-90º) 
Deposit size: moderate to thick width (6 to 
30m), fairly large extent. 
Ore grade: moderate. 
Ore uniformity: fairly uniform. 
Depth: varies from fairly shallow to deep 
(once used at 2.4km at Homestake) 
Required Steeply dipping veins, 60-90 degree 
(metal and non-metal) 
Horizontal cut-and-fill 
stoping 
Practiced both in the overhand (upward) and in the 
underhand (downward) directions. As each 
horizontal slice is taken, the voids are filled with a 
variety of fill types to support the walls. The fill can 
be rock waste, tailings, cemented tailings, or other 
suitable materials. 
Filling operations interfere with production. 
Compressibility of fill may cause some ground 
settlement. 
supported Ore strength: moderately weak to strong (can 
be quite weak with drift-and-fill; must be 
stronger for other variations) 
Rock strength: weak to fairly weak 
Deposit shape: tabular; can be irregular, 
discontinuous. 
Deposit dip: moderate to fairly steep (>45º); 
can accommodate flatter deposit if orepasses 
are steeper than the angle of repose 
Deposit size: narrow to moderate width (2 to 
30m), fairly large extent 
Ore grade: fairly high. 
Ore uniformity: moderate, variable (can sort 
Required Popular for vein deposits and has 
recently grown in use 
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waste in stope) 
Depth: moderate to deep (typically <1.2 to 
2.4km) 
Rill or inclined 
cut-and-fill stopes 
 supported  Required  
Resuing method Keep ore and waste separated during mining by 
blasting the waste vein and ore vein separately.  
  Required High-grade ore in narrow veins 
Slot timbered method Systematic way of mining and filling wide stopes. 
The raise must be driven from one level to the next 
and extends from the footwall to the hanging wall of 
the vein and is termed a slot raise. The entire width 
of the vein is mined. 
supported    
Slice timbered stope Used in narrow vein, about one set wide. supported    
Longwall caving 
system 
Recover almost all coal in a single operation. This 
system is fairly new in the states; it is being used for 
mining coal and other flat-lying mineral deposits. 
Recent developments in longwall mining equipment 
increased the popularity of the system. Cost of 
equipping a modern longwall system is very high. 
Safety record has been good in longwall blocks.  
Heating in the gob can create temperature-humidity 
problems and spontaneous combustion. 
caving Ore strength: any, but should crush rather than 
yield under roof pressure; preferably material 
that is weak and can be cut by continuous 
miner. 
Rock strength: weak to moderate, must break 
and cave; ideally, thin-bedded in intermediate 
roof; floor must be firm, nonplastic 
Deposit shape: tabular 
Deposit dip: low (<12º), prefer flat, uniform 
Deposit size: large in areal extent (>260ha); 
thin-bedded (1-5m); uniform thickness 
Ore grade: moderate 
Ore uniformity: uniform (particular in 
No blasting is 
required 
Coal and flat-lying mineral deposits 
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thickness) 
Depth: moderate (150 to 900m) for coal to 
very deep (<3.5km) for noncoal. 
Modern longwall 
mining system 
Has been greatly mechanized. Hydraulic actuated 
ground supports have been developed that hold the 
roof up while the longwall cut is made and can be 
moved into a new position with the use if hydraulic 
cylinders. Not much development work is required 
before coal production starts. But the maingate and 
tailgate must be maintained through the fringes of 
the caved area. 
caving Same as above  Coal and flat-lying mineral deposits 
(500ft*3000ft) 
Shortwall system of 
mining 
Roof support system with flexibility of the 
continuous miners. Hazards of roof and rib fall are 
reduced. Air directed along the face reducing dust 
hazards and methane concentration.  Better 
recovery than room-and-pillar mining with pillar 
recovery. Preliminary results show a lower cost and 
higher production per man shift. Can be easily 
integrated into conventional mining. 
caving Same as above No blasting is 
required 
Coal and flat-lying mineral deposits 
(150ft wide) 
Open-stope mining in 
gently dipping veins 
Necessary to scrape the ore down the stope.    gently dipping veins (40 degree) 
Block caving Used in ore which caves readily, and if the ore body 
contains enough tonnage. After the stope is 
developed, the ore breaks of its own accord, it does 
not have to be drilled and blasted. Caving is a 
large-production low-cost method. If an opening is 
caving Ore strength: weak to moderate or fairly 
strong, prefer friable, fractured or jointed rock, 
not blocky; should cave freely under own 
weight when undercut; free running, not sticky 
if wet, not readily oxidized. 
No blasting 
required 
metal 
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large enough, it will eventually cave, even in the 
firmest and strongest rock, but a caving system of 
mining requires that the ore or rock will cave over a 
small unsupported area. 
Large-scale method with the highest production rate 
of underground stoping method. Rock breakage in 
production occurs entirely by caving induced by 
undercutting; no drilling and blasting cost in 
production. 
Rock strength: weak to moderate, similar to 
ore in characteristics 
Deposit shape: massive or thick tabular 
deposit, fairly regular. 
Deposit dip: fairly steep (>60º) or vertical; can 
be fairly flat if sufficiently thick. 
Deposit size: very large areal extent; 
thickness >30m. 
Ore grade: low, ideal for disseminated ore 
masses; most suitable of underground methods 
for low-grade deposits. 
Ore uniformity: fairly uniform and 
homogeneous; sorting not possible. 
Depth: moderate; >600m and <1200m. 
Sublevel caving Overall mining progresses downward while the ore 
between sublevels is broken overhand; the overlying 
waste rock (hanging wall or capping) caves into the 
void created as the ore is drawn off. Mining is 
conducted on sublevels from development drifts and 
crosscuts, connected to the main haulage below by 
ramps, orepasses, and raises. Because only the waste 
is caved, the ore must be drilled and blasted in the 
customary way; generally fanhole rounds are utilised 
caving  Blasting is 
necessary 
metal 
 
Stout, K.S (1980) Mining methods and equipment, Montana college of mineral science and technology, butte, Montana 
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APPENDIX B 
 
APPENDIX B – 1 Examples of special case scorings 
 
There are a few special cases where maximum scores are used: 
 If sufficient data are available to quantify the amount of chemical retained and released, then 
maximum hazard score will be used for the final ranking calculation. For example: over 20,000 
tonnes of SO2 is generated during the smelting process in which 97% is captured in the stack 
filtering system. As a result, the maximum hazard score is calculated in the following using 
formula Q X U X E: 
1. (quantity captured, 20,000 x 0.97 = 19,400) X (closed operation) X (T3)= 10 X 1X 1 = 
10; 
2. (quantity emitted, 20,000 X 0.03 = 600) X (stack emission) = 7 X 10 X 1= 70; 
The maximum score for SO2 would thus be 70. 
 
 In cases where data on detailed quantification for certain chemical regards to its different use 
patterns are not available, maximum score is selected represent the worst case scenario. For 
example, around 184,000 tonnes of CuSO4 is generated and used during the electro-winning 
process whereas an unknown proportion of Cu mist (mainly consist of CuSO4,) is emitted via 
fugitive air. Instead of using (10 X 1 = 10), the conservative estimation of around 1 tonne of 
CuSO4 maybe emitted annually X fugitive emission = (1 to 3) X 10 = 10 to 30 is used for the 
further calculation of risk score. 
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APPENDIX B – 2 Setting of Effect Scores: 
In this scoring procedure, every screen-in chemical substance will be given a relative score 
according to its quantity, use pattern and toxicity (i.e. Q x U x E). This relative score will be the 
key criterion for the priority substances (e.g. highest scores) being selected. Therefore, the 
scoring system is very important for making sure the important substance being identified. The 
following are the procedures and assumptions of deciding how to assign the values for different 
toxicity categories: 
Q U E 
1 1 X (T3) 
3 3 Y (T2) 
7 7 Z (T1) 
10 10  
First of all, there are a few assumptions for restricting the boundary of X, Y and Z following the 
format of Q x U x E: 
 The most toxic chemical substance with lowest quantity of application/production and in 
closed application will score the same as the largest quantity of application/production and 
in public use, and we do not want them to be selected as priority substances. Therefore, this 
assumption could work and will not affect the scoring system. 
 1 x 1 x Z = 10 x 10 x X 
 Z = 100X; 
 To simplify the values, if X = 1; then Z = 100. 
 Assume the medium (to low) quantity of highly toxic chemical substance in over 10 - 50 % 
open application will score roughly the same as the medium (to high) quantity of medium 
toxic chemical substance in 50 – 90% open application. 
 3 x 3 x Z ≈ 7 x 7 x Y 
 49Y ≈ 900 
 Y ≈ 18.5 
To simplify the score presentation, we set Y = 20. 
 
 347 
 
 
 
APPENDIX C 
 
 
 
 
Concentrations of As, Cd, Hg, Pb and Tl in different environmental media with 
references to environmental guideline values 
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Figure 1 Cadmium Concentrations in Rock with Reference to Soil Guideline Values (SGVs) 
* SGVs for residential with plant uptake range from the lowest 1ppm (UK SGVs at pH6, and 2ppm at pH7 and 8ppm at pH8) to 20 ppm (Australia ). 
* 
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Figure 2 Cadmium Concentrations in Soil with Reference to Soil Guideline Values (SGVs) 
* SGVs for residential with plant uptake range from the lowest 1ppm (UK SGVs at pH6, and 2ppm at pH7 and 8ppm at pH8) to 20 ppm (Australia ). ** SGVs for commercial industrial use range from 100ppm (Australia) to 1400ppm (UK). 
 
 
Uncontaminated soils: 
Background (1) 
 
Background (2) 
 
England and Wales 
 
Japan 
 
London borough 
Soil developed on black shales: 
California 
 
Derbyshire, UK 
 
South Korea 
P fertiliser used in various countries: 
Canada 
 
Australia 
 
USA 
 
Netherland 
 
Sweden 
Contaminated soils: 
Soil after heavy use of sewage sludge 
 
Soil contaminated by  
Zn-Pb mining and smelting 
* 
** 
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Ultrabasic rocks 
 
 
 
Basalts 
 
 
 
Granites 
 
 
 
 
 
Sedimentary rocks 
 
 
 
 
Carbonaceous shales 
 
 
 
 
Earth‟s crust 
Lead Content (ppm) 
FIGURE 3 LEAD CONCENTRATIONS IN ROCKS WITH REFERENCE TO SOIL GUIDELINE VALUES 
(SGVS) 
* SGV‟s for residential with or without plant uptake from the lowest 1 ppm to 450 ppm (UK). 
    Range of concentrations 
     ■   Mean concentration 
    Soil guideline values* 
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FIGURE 4 LEAD CONCENTRATIONS IN SOIL WITH REFERENCE TO SOIL GUIDELINE VALUES (SGVS) 
* SGV‟s for residential with or without plant uptake from the lowest 1 ppm to 450 ppm (UK).  **SGVs for industrial use range from 1 ppm to 750 ppm 
    Range of concentrations 
     ■   Mean concentration 
    SGV - Residential with plant uptake* 
          SGV - Commercial industrial** 
Unexposed remote areas 
 
 
England and Wales 
 
 
 
Pear River Delta China 
(Contaminated) 
 
 
Pearl River Delta China 
(Background) 
 
 
New York State, USA 
(Orchards) 
 
 
 
 
Botanical Gardens, Pisa, Italy 
 
 
 
Oiartzun Valley, Spain 
Lead Content (ppm) 
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Uncontaminated Soil: 
Soil (general) 
 
Cultivated soil 
Uncontaminated sediment  
River Elbe and Rhine 
 
Ichikawa city 
 
Eutrophic lake 
 
Marine sediments 
 
Manganese nodules 
Contaminated soil  
Hg and Coal mining, China 
 
Pb-Zn smelter, Gottingen 
 
Copper smelter, Duisburg 
 
Mining and cement plant, Leimen 
 
Cement plant, Lengerich 
 
Cement plant, Erwitte 
 
Cement plant, Schelklingen (6 yrs 
after ban on use of pyrite residues) 
Sulphuric acid plant, Duisburg 
 
Brickwork, Gottingen 
 
 
Figure 5 Thallium Content in Rock, Soil and Sediment 
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Figure 6 Cadmium Concentrations in Water with Reference to Water Guideline Values (WGVs) 
* WGVs for fresh water range from 0.2 to 2 ppb (Australia, USA). 
** WGVs for drinking water range from 2ppb (Australia) to 5ppb (UK, USA), the WGV of WHO for drinking water is 3ppb. 
*** WGVs for irrigation and livestock is 10ppb (Australia) 
 
Uncontaminated natural waters: 
 
Average sea water 
 
Lake Constance 
 
Upper Rhine 
 
Torre, Italy 
 
Adige, Italy 
 
Po near Persepino, Italy 
Sewage effluent: 
River sediments 
 
Ballona Creek 
 
Dominguez Channel 
 
Los Angeles River 
Industrial effluent: 
Ni-Cd battery plant, NY 
 
Metal-tube factory 
 
* 
** 
*** 
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    Range of concentrations 
        ■  Mean concentration 
Figure 7 Lead Concentrations in Water with Reference to Water Guideline Values (WGVs) 
 
* WGV for drinking water from 10 ppb (WHO) - 50 ppb (U.S.EPA).  
    WGV – Drinking water guideline* 
Lakes, Norway 
 
 
 
 
 
Rain and snow 
 
 
 
 
 
Surface waters 
 
 
 
 
Oceans 
 
 
 
 
 
Lousal mine, Portugal 
(Acid mine drainage water) 
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 Uncontaminated water: 
River water 
 
Sea water 
 
Volcanic springs 
 
Freshwater lakes 
 
Zn smelter, Germany 
 
Sulphide ore smelters, USA 
 
Mining (tailing pond), Canada 
 
Mining (river), Canada 
 
Mining (river), Germany 
 
Mining (wastewater), Germany 
 
Mining (well), China 
 
Mining (irrigation canal), China 
 
Cement plant (surface water), Lenerich 
 
Cement plant (wastewater), Lengerich 
 
Cement plant (surface water), Erwitte 
 
Cement plant (wastewater), Erwitte 
 
Oil drilling (wastewater), USA 
 
Iron and steel plants, Canada 
 
Pulp and pater mills, Canada 
 
Petroleum refineries, Canada 
 
 
Figure 8 Thallium Content in Water 
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APPENDIX D 
APPENDIX D – 1 
 
Surface Water Quality 
 
Surface water monitoring is done by Cleanstream Scientific Services and all maps and tables for the purposes 
of this report were supplied by Cleanstream. Parameter measured included pH, EC, Nitrate (NO3) Sulphate 
(SO4) Fluoride (F) Chloride (Cl) and Sodium (SAR). Activities in a catchment affect both the physical 
attributes and the chemical constituents of the water body and therefore also affect the biotic community. A 
description of the DWAF compliance monitoring localities for the Klipfonteinspruit, Hex River, 
Paardekraalspruit and Klipgatspruit, together with their sampling schedule for the period September 2004 to 
August 2005, is presented in Table 1 
 
Table 1 Description of DWAF Compliance Points and sampling summary 
Monitoring 
Localities
Monitoring Locality Decription Sep-04 Oct-04 Nov-04 Dec-04 Jan-05 Feb-05 Mar-05 Apr-05 May-05 Jun-05 Jul-05 Aug-05
K007 Klipfontein Dam n n n n n n n n n n n n
K008 Klipfontein Spruit d/s of Klipfontein Dam n Dry Dry Dry Dry Dry Dry n n n n n
K028
Klipfontein Spruit after confluence of RBMR W ditch system 
at Waterval Smelter bridge (d/s RBMR and u/s Waterval)
n n n n n n n n n n n n
K063
Stormwater discharge from Waterval smelter and 
concentrator at concrete sump opposite main pollution dams 
at smelter gate
n n n n n n n n n n n n
K032 Klipfontein spruit downstream of Waterval Smelter n n n n n n n n n n n n
K037 Naude Dam n n n n n n n n n n n n
K014 Intersection of Klipfontein and rail line brigde (south side) n nf/ns nf/ns nf/ns Dry nf/ns nf/ns nf/ns n n nf/ns nf/ns
K105 Klipfontein Return Water Dam n n n n n n n n n na/ns n na/ns
K035 Klipgat Dam northwest of Waterval tailings n n n n n n n n n n n n
K079 Klipgat Spruit before Hex River n Dry Dry Dry n n n n n n n n
K048 Paardekraal Dam 1 n n n n n n n n n n n n
K101 Paardekraal Spruit - downstream of Paardekraal Dam 1 nf/ns Dry Dry Dry Dry nf/ns Dry nf/ns ns Dry Dry nf/ns
K039 Hex River on bridge between Klipfontein- and Klipgat Spruit n n n n n n n n n n n n
K041 Hex River between Klipgat- and Paardekraal Spruit n n n n n n n n n n n n
K081 Hex River before Bospoort Dam n n n n n n n n n n n n
Hex River
Klipfontein Spruit
Klipgat Spruit
Paardekraal Spruit
 
 
The average water quality data recorded for the DWAF compliance monitoring localities 
during the period September 2004 to August 2005 is discussed in the following section.  
The Water quality data for the following selected chemical variables pH, EC, NO3, SO4, F, 
Cl and SAR as stipulated in the DWAF permit conditions were used. Compliance to Permit 
1865B, 1866B and 1867B conditions are highlighted as follows: 
 Orange: Parameters exceed Condition 3.1 of Permit, but falls within Condition 3.2. This 
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represents possible permit non-compliance if the downstream water quality does not meet 
Condition 3.1. 
 Yellow: Parameters exceed Condition 3.2 of Permit, but comply with Condition 3.2.1. 
This represents non-compliance if the water spills to the environment.  
 Blue: Parameters exceed Condition 3.2.1, representing permit non-compliance for water 
containment facilities.  
Klipfonteinspruit 
Table 2 Chemical variables for the upper Klipfonteinspruit surface water compliance 
points  
 
 
 
 
Table 3 Percentage compliance to Conditions 3.2.1, 3.2 and 3.1 
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 Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K007 92 0 8 8 75 0
K008 100 0 17 17 100 0
K014 100 0 0 33 100 67
K105 100 0 0 0 0 0
 Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K007 92 17 17 17 83 100
K008 100 33 33 17 100 100
K014 100 67 67 67 100 100
K105 100 0 0 0 20 100
 Monitoring 
Locality
pH EC Cl SO4 SAR
K007 92 42 75 75 100
K008 100 67 100 100 100
K014 100 67 100 100 100
K105 100 0 40 0 100
Percentage compliance to Permit 1865B, 1866B, 
1867B (Condition 3.1) guidelines September 2004 to 
August 2005
Percentage compliance to Permit 1865B, 1866B, 
1867B (Condition 3.2) guidelines September 2004 to 
August 2005
Percentage compliance to permit 1865B, 
1866B, 1867B (Condition 3.2.1) guidelines 
September 2004 to August 2005)
 
 
 
Table 4 Chemical variables for the lower Klipfonteinspruit surface water compliance 
points 
.  
Table 5 Percentage compliance to Conditions 3.2.1, 3.2 and 3.1 
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 Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K028 100 42 75 75 100 58
K032 100 58 58 100 0 0
K037 50 0 0 0 0 0
K063 92 58 58 100 8 0
Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K028 100 83 100 83 100 83
K032 100 100 92 100 8 100
K037 83 0 0 67 0 100
K063 100 100 100 100 17 100
 Monitoring 
Locality
pH EC Cl SO4 SAR
K028 100 92 100 92 83
K032 100 100 100 100 100
K037 83 0 0 100 100
K063 100 100 100 100 100
Percentage compliance to Permit 1865B, 1866B, 
1867B (Condition 3.1) guidelines September 2004 to 
August 2005
Percentage compliance to Permit 1865B, 1866B, 
1867B (Condition 3.2) guidelines September 2004 to 
August 2005
Percentage compliance to permit 1865B, 
1866B, 1867B (Condition 3.2.1) guidelines 
September 2004 to August 2005)
 
It is evident that during the reporting period, the pH values stayed at average close to neutral or 
slightly alkaline for the lower Klipfonteinspruit. The average water quality at K037 can be 
described as extremely hard and saline with high SAR and elevated Cl and NO3 concentrations. 
The average water quality at K032, K028 and K063 can be described as marginal due to NO3 
(K032 and K063) and SO4 (K028) concentrations. Non-compliance towards the Permit 1865B, 
1866B and 1867B Condition 3.1 can mainly be ascribed to salinity, SAR and NO3 concentrations. 
Other non-compliant variables include pH (K037), SO4 (K028 and K037) and Cl concentrations. 
Monitoring locality K037 show the highest non-compliance to Condition 3.1 of the permit 
during September 2004 to August 2005.  Non-compliance to Condition 3.2 of the Permit can 
mainly be ascribed to NO3 concentration. Monitoring locality K037 shows further 
non-compliance in terms of EC, Cl and SO4 concentrations. Non-compliance to the relaxed 
permit Condition 3.2.1 can be observed for monitoring locality K037 due to EC and Cl 
concentrations.  
 
 
 
 
 
 
 
 
Paardekraalspruit  
 
Table 6 Chemical variables for the Paardekraalspruit surface water compliance points. 
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Table 7 Percentage compliance Conditions 3.2.1, 3.2 and 3.1. 
 Monitoring 
Locality
pH EC Cl SO4 F PO4 NO3 SAR
K048 100 0 0 0 100 0 67 0
K101
 Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K048 100 0 0 0 92 42
K101
 Monitoring 
Locality
pH EC Cl SO4 F PO4 NO3 SAR
K048 100 0 0 33 100 100 100 100
K101
Percentage compliance to Permit 1954B (Condition 3.1) guidelines 
September 2004 to August 2005
Percentage compliance to Permit 1954B (Condition 3.2) 
guidelines September 2004 to August 2005)
Percentage compliance to permit 1954B (Condition 3.2.1) guidelines 
September 2004 to August 2005
 
 
Monitoring locality K101 (Paardekraalspruit – downstream of Paardekraal Phase 1) was 
recorded as dry during the period September 2004 to August 2005. The annual average water 
quality at K048 can be described as extremely hard and saline with high SAR and elevated Cl 
and SO4 concentrations.  
Table 7 indicates that monitoring locality K048 situated in the Paardekraalspruit show 
non-compliance to Condition 3.2.1 of Permit 1954B for 100% of the time during September 
2004 to August 2005, due to EC, Cl, SO4, PO4 and SAR concentrations. Further non-compliance 
towards Conditions 3.2 were observed for K048 due to EC, Cl, SO4 and SAR concentrations, and 
towards Condition 3.2.1 due to EC, Cl and SO4 concentrations. 
 
Klipgatspruit 
Table 8 Chemical variables for the Klipgatspruit surface water compliance points  
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Table 9 Percentage compliance to Conditions 3.2.1, 3.2 and 3.1 
 Monitoring 
Locality
pH EC Cl SO4 F PO4 NO3 SAR
K035 100 0 0 0 100 0 0 0
K079 100 0 0 0 100 0 56 0
 Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K035 100 0 0 0 0 25
K079 100 0 0 0 78 56
 Monitoring 
Locality
pH EC Cl SO4 F PO4 NO3 SAR
K035 100 0 0 100 100 100 100 100
K079 100 0 0 78 100 100 100 100
Percentage compliance to Permit 1954B (Condition 3.1) guidelines 
September 2004 to August 2005
Percentage compliance to Permit 1954B (Condition 
3.2) guidelines September 2004 to August 2005)
Percentage compliance to permit 1954B (Condition 3.2.1) guidelines 
September 2004 to August 2005
 
The annual average water quality of the Klipgatspruit monitoring localities can be described as 
extremely hard and saline with high NO3 and SAR and elevated Cl and SO4 concentrations. It is 
evident that the Klipgatspruit monitoring localities, K035 and K079, show non-compliance to 
Condition 3.1 of Permit 1954 mostly due to EC, Cl, SO4, PO4, NO3 concentrations and SAR 
during September 2004 to August 2005. Non-compliance to Condition 3.2 of the Permit are 
ascribed to EC, Cl, SO4, NO3 concentrations and SAR, while non-compliance to the relaxed 
permit conditions (Condition 3.2.1) are mainly due to EC and Cl concentrations 
 
 
Hex River 
Table 10 Chemical variables for the Hex River surface water compliance points. 
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Table 11 Percentage compliance to Conditions 3.2.1, 3.2 and 3.1 
 Monitoring 
Locality
pH EC Cl SO4 F PO4 NO3 SAR
K039 100 0 0 100 100 0 75 0
K041 100 17 8 83 100 0 58 8
K081 100 0 0 92 100 0 42 0
 Monitoring 
Locality
pH EC Cl SO4 NO3 SAR
K039 100 92 75 100 83 100
K041 100 83 83 100 75 100
K081 100 92 83 100 58 100
 Monitoring 
Locality
pH EC Cl SO4 F PO4 NO3 SAR
K039 100 100 100 100 100 100 100 100
K041 100 100 100 100 100 100 100 100
K081 100 100 100 100 100 100 100 100
Percentage compliance to Permit 1954B (Condition 3.1) 
guidelines September 2004 to August 2005
Percentage compliance to Permit 1954B 
(Condition 3.2) guidelines September 2004 to 
Percentage compliance to permit 1954B (Condition 3.2.1) 
guidelines September 2004 to August 2005
 
From Table 10 it is evident that neutral pH values were recorded for the Hex River monitoring 
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localities during September 2004 to August 2005. The annual average water quality of the Hex 
River monitoring localities can be described as very hard and saline with high PO4 and Cl (K041) 
and elevated NO3 concentrations. The Hex River monitoring localities show non-compliance to 
Condition 3.1 due to EC, Cl, PO4 and SAR. Further partial non-compliance towards condition 
3.1 of the permit can be ascribed to NO3 concentrations. Partial non-compliance to Condition 3.2 
of Permit 1954B can be observed for K039 due to Cl concentration and K041 and K081 due to 
NO3 concentrations. All the Hex River monitoring localities complied with the relaxed permit 
conditions (Condition 3.2.1) during September 2004 to August 2005.  
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APPENDIX D – 2 
Summary of Permit Effluent Discharge Conditions 
 
RPM R/S (Exemption 1954B)   
  Condition 3.1 Condition 3.2 Condition 3.2.1 
pH 6,0 < pH < 8,5 6.0 < pH < 9.0   
EC (mS/m) < 70 <150 <500 
Nitrate (as mg N/l) < 6 mg/l <12 <300 
Sulphate (as mg SO4/l) < 200 mg/l <400 <1500 
Fluoride (mg/l) <1.5 mg/l     
Chloride (mg/l) < 100 mg/l <200 <700 
Sodium (as SAR) < 1,5 <4.5 <6.0 
    
Waterval Smelter (Exemption 1865B)   
pH 6,0 < pH < 8,5 6.0 < pH < 9.0   
EC (mS/m) < 70 <150 <250 
Nitrate (as mg N/l) < 6 mg/l <12   
Sulphate (as mg SO4/l) < 200 mg/l <300 <950 
Chloride (mg/l) < 100 mg/l <200 <600 
Sodium (as SAR) < 1,5 <6.0 <6.0 
    
PMR (Exemption 1866B)   
pH 6,0 < pH < 8,5 6.0 < pH < 9.0   
EC (mS/m) < 70 <150 <250 
Nitrate (as mg N/l) < 6 mg/l     
Sulphate (as mg SO4/l) < 200 mg/l <300 <600 
Chloride (mg/l) < 100 mg/l <200   
Sodium (as SAR) < 1,5 <4.5 <6.0 
    
RBMR (Exemption 1867B)   
pH 6,0 < pH < 8,5 6.0 < pH < 9.0   
EC (mS/m) < 70 <150 <250 
Nitrate (as mg N/l) < 6 mg/l <12   
Sulphate (as mg SO4/l) < 200 mg/l <300 <950 
Chloride (mg/l) < 100 mg/l <200 <600 
Sodium (as SAR) < 1,5 <4.5 <6.0 
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APPENDIX D – 3 
 
System overlapping for RPM study 
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Figure 1 Mine Excavation Impact Submodel 
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Figure 2 Milling Impact Submodel 
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Figure 3 Smelting Impact Submodel 
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Figure 4 Ore Refining Impact Submodel 
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Figure 5 Mine Auxiliary Impact Submodel 
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APPENDIX D – 4 
Hazad Identification 
 
No. 
Factor 
1 
Factor 
2 
Filter 
out in 
Step1 
Filter 
out in 
Step2 
Description 
1 A1 G1 X  Cooling water turbidity, with fine gangue rocks 
2 A1 G3  X 
Dust from drilling (most of the dust from drilling is 
suppressed by cooling water) 
3 A1 G4 X  Vibration, noise 
4 A2 G1   
Increase operational water turbidity, and concentration of 
ammonia and CO2 
5 A2 G2   
Dust from blasting will reach the surface soil through 
ventilation  
6 A2 G3   Increase dust ammonia, CO2 and NO2 in air 
7 A2 G4   
High Conc of ammonia and dust in air cause risks to mine 
workers 
8 A2 G5  X Inhalation of mine dust from ventilation  
9 A2 G5 X  
Vibration, dust smog from the ventilation cause aesthetic 
destruction  
10 A2 G6   
Vibration distraction, dust atmospheric deposition on 
vegetations and elevation of heavy metal content in soil 
11 A3 G1 X  Increase turbidity from dust incurred from loading 
12 A3 G3   Dust incurred 
13 A3 G4   Inhalation and ingestion of dust 
14 A4 G3   Dust incurred 
15 A4 G4   inhalation of dust 
16 A5 G3  X dust and CO2, NOx incurred 
17 A5 G4  X inhalation and ingestion of dust 
18 A5 G5  X Dust and emissions from trucks 
19 A5 G6 X  
Disturbance of the local ecosystem (e.g. run-over terrestrial 
animals) 
20 A6 G1   
Water on waste rock dump infiltrates into the groundwater 
system 
21 A6 G1   Heavy metals from waste rock dump leach into surface water  
22 A6 G1  X Dust blow from waste rock dump deposits on surface water 
23 A6 G1 X  
The location of waste rock dump may physically disturb the 
local hydrology system 
24 A6 G2   Dust blown from waste rock dump deposits on surface soil 
25 A6 G2   
Heavy metals leached out from waste rock dump result in 
increased level in soil around 
26 A6 G3  X Dust from waste rock piles 
27 A6 G4  X Inhalation and ingestion of dust from waste rock dump 
28 A6 G5  X Dust inhalation, landscape distraction 
29 A6 G6  X 
Disturbance of local ecosystem as a result of dust deposition 
on surface water and soil from waste dump 
30 A7 G1   
Leakage from tailing pond infiltrates into the groundwater 
system 
31 A7 G1   Leakage from tailing pond into the surface water 
32 A7 G1  X 
Discharge of tailing water into the local spruit system during 
rain season 
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33 A7 G2   
Leakage from tailing pond resulted in the elevation of heavy 
metals in soil around 
34 A7 G3   
Evaporation from tailing pond disperses volatile chemical 
substances into the air (e.g. ammonia) 
35 A7 G4  X Ingestion and inhalation of volatile chemical substances 
36 A7 G5   
Drinking the water (from spruits or wells) contaminated by 
the water from tailing pond  
37 A7 G5 X  Landscape distraction 
38 A7 G6   
Disturbance of local ecosystem as a result of run-off and 
leaching water from tailing pond 
39 B1 G3  X Dust  
40 B1 G4   Inhalation and ingestion of the dust 
41 B2 G3  X Volatile chemical substances in air 
42 B2 G4   
Inhalation and ingestion of volatile chemical substances from 
the flotation tank 
43 B3 G3   Ingestion of harmful substance from dewatering plant 
44 B4 G3  X Dust and emissions from trucks, rails or conveyor belt 
45 B4 G4  X inhalation and ingestion of dust 
46 B4 G5  X Dust and emissions from trucks 
47 B4 G6  X 
Disturbance of local ecosystem (e.g. run-over terrestrial 
animals) 
48 B5 G1   Leakage from tailing pond to the surface water  
49 B5 G1   leakage from tailing pond to groundwater 
50 B5 G1  X 
discharge of tailing water into the local spruit system during 
rain season 
51 B5 G2   
Leakage from tailing pond results in the elevation of levels of 
heavy metal concentrations in soil 
52 B5 G3   
Evaporation from tailing pond disperses volatile chemical 
substances into the air 
53 B5 G4   Ingestion and inhalation of volatile chemical substances 
54 B5 G5   
Drinking the water (from spruits or wells) contaminated by 
the water from tailing pond  
55 B5 G5 X  Landscape distraction 
56 B5 G6   
Disturbance of local ecosystem as a result of discharge and 
leakage from tailing pond 
57 C1 G3 X  Water vapour into air 
58 C1 G3 X  
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
59 C1 G5 X  Aesthetic distraction 
60 C2 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
61 C2 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
62 C2 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
63 C2 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
64 C2 G3   CO2, SO2, NOx, particulates, heavy metals (point source) 
65 C2 G3   CO2, SO2, NOx, particulates, heavy metals (fugitive) 
66 C2 G4   Inhalation of dust, gases and heavy metals 
67 C2 G5   Inhalation of dust, gases and heavy metals 
68 C2 G5   
Ingestion of heavy metals through food and water 
contaminated 
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69 C2 G5 X  Aesthetic distraction 
70 C2 G6   
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil and 
water and end up in the food chain 
71 C3 G3  X Dust and volatile chemical substances in air 
72 C3 G4   
Inhalation and ingestion of the dust and volatile chemical 
substances from the flotation tank 
73 C4 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
74 C4 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
75 C4 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
76 C4 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
77 C4 G3   CO2, SO2 NOx, particulates, heavy metals (point source) 
78 C4 G3   CO2, SO2, NOx, particulates, heavy metals (fugitive) 
79 C4 G4   Inhalation of dust, gases and heavy metals 
80 C4 G5   Inhalation of dust, gases and heavy metals 
81 C4 G5   
Ingestion of heavy metals through food and water 
contaminated 
82 C4 G5 X  Aesthetic distraction 
83 C4 G6   
emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil and 
water and end up in the food chain 
84 C5 G1 X  
the location of slag dump may physically disturb the local 
hydrology system 
85 C5 G6 X  landscape distraction 
86 C6 G1   
atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
87 C6 G1   
atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
88 C6 G2   
atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
89 C6 G2   
atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
90 C6 G3   CO2, SO2,NOx, particulates, heavy metals (point source) 
91 C6 G3   CO2, SO2, NOx, particulates, heavy metals (fugitive) 
92 C6 G4   Inhalation of dust, gases and heavy metals 
93 C6 G5   Inhalation of dust, gases and heavy metals 
94 C6 G5   
Ingestion of heavy metals through food and water 
contaminated 
95 C6 G5 X  Aesthetic distraction 
96 C6 G6   
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil and 
water and end up in the food chain 
97 C7 G3  X Dust and emissions from trucks, loaders 
98 C7 G4  X Inhalation and ingestion of dust 
99 C7 G5  X Dust and emissions from trucks 
100 C7 G6 X  
Disturbance of local ecosystem (e.g. run-over terrestrial 
animals) 
101 C8 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
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102 C8 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
103 C8 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
104 C8 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
105 C8 G3   CO2, SO2,NOx, particulates, heavy metals (point source) 
106 C8 G3   CO2, SO2, NOx, particulates, heavy metals (fugitive) 
107 C8 G4   Inhalation of dust, gases and heavy metals 
108 C8 G5   Inhalation of dust, gases and heavy metals 
109 C8 G5   
Ingestion of heavy metals through food and water 
contaminated 
110 C8 G5 X  Aesthetic distraction 
111 C8 G6   
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil and 
water and end up in the food chain 
112 D1 G2   
Atmospheric deposition resulted in the elevation of levels of 
heavy metals and salts 
113 D1 G3   Emission from PMR stack 
114 D1 G3   Fugitive volatile chemicals emission during refining operation 
115 D1 G4   Inhalation of volatile chemical substances and dust 
116 D1 G5 X  Aesthetic distraction 
117 D2 G1   Leaks and spills from evaporation pond to the surface water  
118 D2 G1   Leaks and spills from evaporation pond to groundwater 
119 D2 G1  X 
Discharge of pond water into the local spruit system during 
rain season 
120 D2 G1   
Waste water on site infiltrates downwards resulted in the 
contamination of groundwater 
121 D2 G2   
Leaks and spills from evaporation pond results in the 
elevation of levels of heavy metal Concs in soil 
122 D2 G3  X Evaporation disperses volatile chemical substances into the air 
123 D2 G4  X Ingestion and inhalation of volatile chemical substances 
124 D2 G5   
Drinking the water (from spruits or wells) contaminated by 
the water from evaporation pond  
125 D2 G5 X  Landscape distraction 
126 D2 G6   
Disturbance of local ecosystem as a result of discharge and 
leakage from evaporation pond 
127 D3 G3  X Dust 
128 D3 G4  X Inhalation and ingestion of dust 
129 D4 G2   
Atmospheric deposition resulted in the elevation of levels of 
heavy metals and salts 
130 D4 G2   
Increase level of salt, Hg and Se in soil due to the use of 
caustic  
131 D4 G3   Emission from BMR stack 
132 D4 G3   Fugitive volatile chemicals emission during refining operation 
133 D4 G3   Acid mist from electro-winning process 
134 D4 G4   
Inhalation, dermal contact and ingestion of hazardous 
chemicals 
135 D4 G5 X  Aesthetic distraction 
136 D5 G1   Leaks and spills from evaporation pond to the surface water  
137 D5 G1   Leaks and spills from evaporation pond to groundwater 
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138 D5 G1  X 
Discharge of pond water into the local spruit system during 
rain season 
139 D5 G1   
Waste water on site infiltrates downwards resulted in the 
contamination of groundwater 
140 D5 G2   
Leaks and spills from evaporation pond results in the 
elevation of levels of heavy metal Concs in soil 
141 D5 G3  X Evaporation disperses volatile chemical substances into the air 
142 D5 G4  X Ingestion and inhalation of volatile chemical substances 
143 D5 G5   
Drinking the water (from spruits or wells) contaminated by 
the water from evaporation pond  
144 D5 G5 X  Landscape distraction 
145 D5 G6   
Disturbance of local ecosystem as a result of discharge and 
leakage from evaporation pond 
146 D6 G3  X Dust 
147 D6 G4  X Inhalation and ingestion of dust 
148 D7 G3  X Dust and emissions from trucks, loaders 
149 D7 G4  X Inhalation and ingestion of dust 
150 D7 G5  X Dust and emissions from trucks 
151 D7 G6 X  
Disturbance of local ecosystem (e.g. run-over terrestrial 
animals) 
152 E1 G1  X discharge of hazardous chemicals from the lab 
153 E2 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
154 E2 G1   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
155 E2 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (point source) 
156 E2 G2   
Atmospheric deposition of fine particulates as well as 
associated heavy metals (fugitive) 
157 E2 G3   CO2, SO2,NOx, particulates, heavy metals (point source) 
158 E2 G3   CO2, SO2, NOx, particulates, heavy metals (fugitive) 
159 E2 G4   Inhalation of dust, gases and heavy metals 
160 E2 G5   Inhalation of dust, gases and heavy metals 
161 E2 G5   
Ingestion of heavy metals through food and water 
contaminated 
162 E2 G5 X  Aesthetic distraction 
163 E2 G6   
Emission of SO2 cause the increase of acidity in soil, water 
(e.g. acid rain), heavy metal deposition on vegetation, soil and 
water and end up in the food chain 
164 E3 G1   
Effluent discharge into the local spruit system could contain 
certain heavy metals and organic compounds 
165 E3 G1   Waste water tank leakage infiltrates into groundwater system 
166 E3 G2   
Elevated levels of hazardous substances in soil due to the 
leakage from the STW 
167 E3 G6   
Elevated organic content in discharge effluent may cause 
eutrophication thus affect the fish community 
168 E4 G1  X Run-off/leak water from the holding pond to surface water 
169 E4 G1  X Run-off/leak water from the holding pond to groundwater 
170 E4 G1  X 
Discharge of excess water to the local spruit system during 
rain season 
171 E4 G2  X 
Elevated levels of hazardous substances in soil due to the 
leakage/run-off from holding pond 
172 E4 G3 X  Water vapour into air from the evaporation facility and pond 
 373 
173 E4 G3  X Volatile chemical substances in air 
174 E4 G4  X Ingestion and inhalation of volatile chemical substances 
175 E4 G5   
Drinking the water (from spruits or wells) contaminated by 
the water from holding pond  
176 E4 G5 X  Landscape distraction 
177 E4 G6  X 
Disturbance of local ecosystem as a result of discharge and 
leakage from holding pond 
178 E5 G1   
Grease and heavy metals washed to surface water from waste 
disposal 
179 E5 G1   
Grease and heavy metals infiltrate to groundwater system 
from waste disposal 
180 E5 G2   
Elevated soil heavy metal content from waste disposal (e.g. 
metals, rubber tyre) 
181 E5 G3  X 
Diesel, CO2 and NOx emissions from machinery and dust 
from waste dump 
182 E5 G4   Ingestion and inhalation of heavy metals 
183 E5 G5   
Drinking the water (from spruits or wells) contaminated by 
the water from waste disposal site 
184 E5 G5 X  Landscape distraction 
185 E5 G6   
Disturbance of local ecosystem as a result of contamination 
from waste disposal (dust and leachate) 
186 E6 G1   
Leaks and spills from the settling ponds for Sodium Sulphate 
and pollution control dams to surface water 
187 E6 G1  X 
Leaks and spills from the settling ponds for Sodium Sulphate 
and pollution control dams to ground water 
188 E6 G1   Discharge, run-off during rain season or flooding 
189 E6 G2   Elevated soil heavy metal content from leaks and spills 
190 E6 G3   
Release of volatile chemical substances to the atmosphere 
during evaporation 
191 E6 G4  X Inhalation and ingestion of hazardous chemicals 
192 E6 G5   
Drinking water (from spruit or well) contaminated by the 
leaks and spills from the dams 
193 E6 G5 X  Landscape distraction 
194 E6 G6   
Disturbance of local ecosystem as a result of discharge, spills 
and leaks from the dams 
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January, 2006  
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Jan-06 2006002831 693 21.3 0.03 0.22 b.d b.d 
AASS2 Jan-06 2006002832 698 18.7 b.d 0.03 b.d b.d 
AASS3 Jan-06 2006002833 337 21.80 b.d 0.01 b.d b.d 
AASS4 Jan-06 2006002834 695 19.99 b.d 0.02 b.d b.d 
AASS5 Jan-06 2006002835 14 33.7 0.02 0.19 b.d b.d 
AASS6 Jan-06 2006002836 695 17.22 b.d 0.01 b.d b.d 
February, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Feb-06 2006003009 613 23.5 0.07 0.44 b.d b.d 
AASS2 Feb-06 2006003010 616 19.1 b.d 0.03 b.d b.d 
AASS3 Feb-06 2006003011 287 24.1 b.d 0.01 b.d b.d 
AASS4 Feb-06 2006003012 613 20.48 b.d 0.01 b.d b.d 
AASS5 Feb-06 2006003013 11 36.4 b.d 0.48 b.d b.d 
AASS6 Feb-06 2006003014 615 19.15 b.d 0.01 b.d b.d 
March, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic 
Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Mar-06 2006004425 852 20.8 0.07 0.14 b.d b.d 
AASS2 Mar-06 2006004426 854.9 19.2 0.01 0.04 b.d b.d 
AASS3 Mar-06 2006004427 380 28.0 0.01 0.01 b.d b.d 
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AASS4 Mar-06 2006004428 790 14.9 b.d 0.01 b.d b.d 
AASS5 Mar-06 2006004429 14.5 53.7 0.01 0.1 b.d b.d 
AASS6 Mar-06 2006004430 850 13.3 b.d 0.01 b.d b.d 
April, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Apr-06 2006005837 737 25.2 0.16 0.34 0.01 b.d 
AASS2 Apr-06 2006005838 742 14.7 0.02 0.12 b.d b.d 
AASS3 Apr-06 2006005839 - - - - - b.d 
AASS4 Apr-06 2006005840 722 12.6 b.d 0.01 b.d b.d 
AASS5 Apr-06 2006005841 14.0 32.2 0.03 0.16 b.d b.d 
AASS6 Apr-06 2006005842 - - - - - b.d 
May, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 May-06 2006007324 726 20.5 0.07 0.33 b.d b.d 
AASS2 May-06 2006007325 729 14.5 0.01 0.08 b.d b.d 
AASS3 May-06 - - - - - - - 
AASS4 May-06 2006007326 729.4 14.7 b.d 0.02 b.d b.d 
AASS5 May-06 2006007327 13.1 41.4 b.d 0.17 b.d b.d 
AASS6 May-06 2006007328 730.5 14.5 b.d 0.01 b.d b.d 
June, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
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AASS1 Jun-06 2006009245 830 39.7 0.24 0.48 0.01 b.d 
AASS2 Jun-06 2006009246 611 1.2 b.d 0.01 b.d b.d 
AASS3 Jun-06 - - - -  - - 
AASS4 Jun-06 2006009247 835 21.5 b.d 0.01 b.d b.d 
AASS5 Jun-06 - - - --  - - 
AASS6 Jun-06 2006009248 833 1.4 b.d b.d b.d b.d 
July, 2006       b.d 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Jul-06 2006010573 691 49.9 0.31 0.33 0.01 0.01 
AASS2 Jul-06 2006010574 670 27.3 0.03 0.21 b.d b.d 
AASS3 Jul-06 - - - - - - - 
AASS4 Jul-06 2006010575 696 20.6 b.d 0.03 b.d b.d 
AASS5 Jul-06 2006010576 686.5 20.8 b.d 0.03 b.d b.d 
AASS6 Jul-06 2006010577 697 45.7 b.d 0.01 b.d b.d 
August, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Aug-06 2006011921 823 21.2 0.05 0.18 b.d b.d 
AASS2 Aug-06 - - - - - - - 
AASS3 Aug-06 - - - - - - - 
AASS4 Aug-06 2006011923 825.2 10.4 b.d b.d b.d b.d 
AASS5 Aug-06 2006011924 818.6 11.3 b.d 0.01 b.d b.d 
AASS6 Aug-06 2006011925 825.60 14.5 b.d b.d b.d b.d 
September, 2006 
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Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Sep-06 2006013954 793 23.4 0.15 0.55 0.01 b.d 
AASS2 Sep-06 - - - - - - - 
AASS3 Sep-06 - - - - - - - 
AASS4 Sep-06 2006013956 798.7 9.9 b.d 0.01 b.d b.d 
AASS5 Sep-06 2006013957 792.3 12.4 b.d 0.01 b.d b.d 
AASS6 Sep-06 2006013958 796.57 10.0 0.01 0.02 b.d b.d 
October, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Oct-06 2006015628 800 23.0 0.11 0.21 0.01 b.d 
AASS2 Oct-06 2006015629 800 5.3 b.d 0.07 b.d b.d 
AASS3 Oct-06 - - - - - - - 
AASS4 Oct-06 2006015630 803 14.8 b.d 0.02 b.d b.d 
AASS5 Oct-06 2006015631 797.8 15 b.d 0.01 b.d b.d 
AASS6 Oct-06 - - - - - - - 
November, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Nov-06 2006017008 681 18.0 0.16 0.05 0.01 b.d 
AASS2 Nov-06 2006017009 683 11.5 b.d 0.02 b.d b.d 
AASS3 Nov-06 - - - - - - - 
AASS4 Nov-06 2006017010 681 9.4 b.d 0.01 b.d b.d 
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AASS5 Nov-06 2006017011 676.54 10.9 b.d 0.01 b.d b.d 
AASS6 Nov-06 - - - - - - - 
December, 2006 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. No. 
Volume 
Collected 
Suspended 
Particulates 
Lead Zinc Arsenic Cadmium 
(Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) (ug/Nm
3
) 
AASS1 Dec-06 2007000236 723 24.3 0.08 0.01 b.d b.d 
AASS2 Dec-06 2007000237 719 17.0 b.d 0.01 b.d b.d 
AASS3 Dec-06 2007000238 723 25.9 b.d 0.01 b.d b.d 
AASS4 Dec-06 2007000239 724 17.1 b.d 0.01 b.d b.d 
AASS5 Dec-06 2007000240 724.0 20.2 b.d 0.01 b.d b.d 
AASS6 Dec-06 2007000241 723 17.7 b.d 0.01 b.d b.d 
January 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Jan-06 2006002629 60 29 150 b.d b.d 
DDS2 Jan-06 2006002630 88 9 113 b.d b.d 
DDS3 Jan-06 2006002631 45 6 41 b.d 1 
DDS4 Jan-06 2006002632 27.9 10 46 b.d b.d 
DDS5 Jan-06 2006002633 99 7 76 1 1 
DDS6 Jan-06 2006002634 34.8 8 60 b.d 1 
February 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Feb-06 2006003015 24.6 48 175 b.d 1 
DDS2 Feb-06 2006003016 48 22 133 b.d b.d 
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DDS3 Feb-06 2006003017 37.9 11 106 b.d b.d 
DDS4 Feb-06 2006003018 15.4 12 121 b.d b.d 
DDS5 Feb-06 2006003019 17.5 5 57 1 b.d 
DDS6 Feb-06 2006003020 19.6 2 21 b.d b.d 
March 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Mar-06 2006004431 45.2 75 156 2 1 
DDS2 Mar-06 2006004432 31.4 2 51 b.d b.d 
DDS3 Mar-06 2006004433 57.9 12 77 b.d 1 
DDS4 Mar-06 2006004434 22.9 9 81 b.d 1 
DDS5 Mar-06 2006004435 18.1 4 61 b.d b.d 
DDS6 Mar-06 2006004436 20.5 b.d 1 b.d b.d 
April 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Apr-06 2006005844 25.4 46 235 b.d 1 
DDS2 Apr-06 2006005845 30.9 31 173 b.d 1 
DDS3 Apr-06 2006005846 47.2 14 94 b.d 1 
DDS4 Apr-06 2006005847 23.6 12 71 b.d b.d 
DDS5 Apr-06 2006005848 42.3 14 109 b.d 1 
DDS6 Apr-06 2006005849 32.7 2 64 b.d 1 
May 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
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(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 May-06 2006007329 61.4 37 157 2 1 
DDS2 May-06 2006007330 125.2 4 55 1 b.d 
DDS3 May-06 2006007331 75.0 13 89 b.d 1 
DDS4 May-06 2006007332 39.9 20 160 b.d 1 
DDS5 May-06 2006007333 60.5 17 113 b.d b.d 
DDS6 May-06 2006007334 118.6 19 124 b.d b.d 
June 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Jun-06 2006009249 40.9 30 135 3 1 
DDS2 Jun-06 2006009250 26.0 7 36 b.d b.d 
DDS3 Jun-06 2006009251 40.9 7 27 b.d b.d 
DDS4 Jun-06 2006009252 26.05 6 14 2 b.d 
DDS5 Jun-06 2006009253 392 12 26 2 b.d 
DDS6 Jun-06 2006009254 31.4 4 11 b.d b.d 
July 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Jul-06 2006010578 37.6 45 49 b.d b.d 
DDS2 Jul-06 2006010579 18.8 15 52 b.d b.d 
DDS3 Jul-06 2006010580 35.1 17 183 b.d 1 
DDS4 Jul-06 2006010581 16.3 1 43 2 b.d 
DDS5 Jul-06 2006010582 584 23 6 b.d b.d 
DDS6 Jul-06 2006010583 29 4 51 1 b.d 
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August 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Aug-06 2006011926 48.9 48 130 2 1 
DDS2 Aug-06 2006011927 88.8 12 94 2 b.d 
DDS3 Aug-06 2006011928 53.7 6 40 b.d b.d 
DDS4 Aug-06 2006011929 38.3 9 55 2 1 
DDS5 Aug-06 2006011930 171 6 46 2 b.d 
DDS6 Aug-06 2006011931 88.8 3 35 2 b.d 
September 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Sep-06 2006013959 71.5 40 103 4 b.d 
DDS2 Sep-06 2006013960 63.0 7 63 2 b.d 
DDS3 Sep-06 2006013961 212.2 12 58 1 b.d 
DDS4 Sep-06 2006013962 58.9 19 44 2 b.d 
DDS5 Sep-06 2006013963 117.3 23 61 1 b.d 
DDS6 Sep-06 2006013964 58.1 13 55 b.d b.d 
October 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Oct-06 2006015633 - - - - - 
DDS2 Oct-06 2006015634 35.6 b.d 47 1 b.d 
DDS3 Oct-06 2006015635 86.1 1 79 b.d b.d 
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DDS4 Oct-06 2006015636 26.9 2 81 b.d b.d 
DDS5 Oct-06 2006015637 54.8 b.d 41 b.d b.d 
DDS6 Oct-06 2006015638 43.9 2 112 b.d b.d 
November 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Nov-06 2006017012 133.6 44 73 2 b.d 
DDS2 Nov-06 2006017013 60.7 b.d 27 b.d b.d 
DDS3 Nov-06 2006017014 77.6 b.d 54 1 b.d 
DDS4 Nov-06 2006017015 89.1 3 37 1 b.d 
DDS5 Nov-06 2006017016 112.7 4 64 1 b.d 
DDS6 Nov-06 2006017017 107.3 3 63 1 b.d 
December 
Location Ref. 
Point 
Date 
Sampled 
Sample Ref. 
No. 
General 
Particulates 
Lead Zinc Arsenic Cadmium 
(mg/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) (ug/m
2
/day) 
DDS1 Dec-06 2007000243 63.3 8 70 1 b.d 
DDS2 Dec-06 2007000244 94.6 2 35 1 b.d 
DDS3 Dec-06 2007000245 71.7 1 45 b.d b.d 
DDS4 Dec-06 2007000246 100.6 6 27 1 b.d 
DDS5 Dec-06 2007000247 77.7 4 29 b.d b.d 
DDS6 Dec-06 2007000248 389.0 6 43 1 b.d 
 
b.d stands for below detection limit 
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APPENDIX E – 2  
Hazard Identification 
 
No. 
Factor 
1 
Factor 
2 
Filtered 
out in 
Step1 
Filtered 
out in 
Step2 
Sources of Risk 
1 A1 E1 X  Cooling water turbidity, with fine gangue rocks 
2 A1 E1   Increase heavy metal content in cooling water 
3 A1 E3  X 
Dust from drilling (most of the dust from drilling is 
suppressed by cooling water) 
4 A1 E4 X  Vibration, noise 
5 A1 E4   Inhalation of dust 
6 A2 E1   
Increase operational water turbidity, and 
concentration of ammonia and CO2 
7 A2 E2   
Dust from blasting will reach the surface soil through 
ventilation  
8 A2 E3   Increase dust, ammonia, CO2 and NO2 in air 
9 A2 E4   Inhalation of ammonia and dust in air 
10 A2 E5  X Inhalation of mine dust from ventilation  
11 A2 E5 X  
Vibration, dust smog from the ventilation cause 
aesthetic destruction  
12 A2 E6 X  Vibration distraction  
13 A2 E6   
Dust atmospheric deposition on vegetations and 
elevation of heavy metal content in soil 
14 A3 E1 X  Increase turbidity from dust incurred from loading 
15 A3 E3   Dust incurred 
16 A3 E4   Inhalation and ingestion of dust 
17 A4 E3   Dust incurred 
18 A4 E4   Inhalation and ingestion of dust 
19 A5 E3  X dust and CO2, NOx incurred 
20 A5 E4  X Inhalation and ingestion of dust 
21 A6 E1 X  Lower water table 
22 A6 E1   Contamination of groundwater 
23 A6 E3  X Emissions such as CO2 
24 A6 E5 X  Lower water table may result in subsidence 
25 A6 E6 X  
Lower water table may affect the underground 
ecosystem 
26 A7 E1 X  Change of groundwater flow direction  
27 A7 E1  X 
Groundwater contamination due to the mobilisation 
of heavy metals 
28 A7 E4  X Ingestion and inhalation of paste 
29 B1 E3   Dust incurred 
30 B1 E4   Inhalation and ingestion of dust 
31 B2 E3  X 
(Volatile) chemical substances in air as a result of 
froth creation e.g.ZnSO4, Xanthates 
32 B2 E4   Inhalation and ingestion of (volatile) chemicals 
33 B3 E3  X 
(Volatile) chemical substances in air as a result of 
froth creation e.g.CuSO4, Xanthates 
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34 B3 E4   Inhalation and ingestion of (volatile) chemicals 
35 B4 E3   
(Volatile) chemical substances in air e.g.CuSO4, 
H2SO4 
36 B4 E4   Inhalation and ingestion of (volatile) chemicals 
37 B5 E4   Ingestion of harmful substance from dewatering plant 
38 C1 E1   Leaks and spills from TMF to the surface water  
39 C1 E1   Leaks and spills from TMF to groundwater 
40 C1 E2   
Leaks and spills from TMF results in the elevation of 
levels of heavy metal in soil 
41 C1 E3  X 
Evaporation disperses volatile chemical substances 
into the air 
42 C1 E4  X 
Ingestion and inhalation of volatile chemical 
substances 
43 C1 E5 X  Landscape distraction 
44 C1 E6   
Disturbance of local ecosystem as a result of leakage 
from TMF 
45 C2 E1   
Discharge to local rivers increase the heavy metal 
levels e.g. Cd, Zn, Pb etc 
46 C2 E1   
Leaks and spills from holding and conditioning pond 
to groundwater 
47 C2 E2   
Leaks and spills from MWTP results in the elevation 
of levels of heavy metal in soil 
48 C2 E3  X 
Evaporation disperses volatile chemical substances 
into the air 
49 C2 E4  X 
Ingestion and inhalation of volatile chemical 
substances 
50 C2 E5   
Drinking the water (from rivers) contaminated by the 
water from MWTP discharge  
51 C2 E5 X  Landscape distraction 
52 C2 E6   
Effects on local fauna and flora which dependant on 
the river water due to the elevated levels of heavy 
metals from MWTP discharge 
53 C3 E1   Leaks and spills from pond in RWTP to groundwater 
54 C3 E2   
Leaks and spills from RWTP results in the elevation 
of levels of heavy metal in soil 
55 C3 E3  X 
Evaporation disperses volatile chemical substances 
into the air 
56 C3 E4  X 
Ingestion and inhalation of volatile chemical 
substances 
57 C4 E1  X Contamination of groundwater 
58 C4 E3  X Dust incurred 
59 C4 E4  X Inhalation and ingestion of dust 
60 D1 E1  X Discharge of hazardous chemicals from the lab 
61 D2 E1   
Grease and heavy metals washed to surface water 
from waste disposal 
62 D2 E1   
Grease and heavy metals infiltrate to groundwater 
system from waste disposal 
63 D2 E2   
Elevated soil heavy metal content from waste 
disposal (e.g. metals, rubber tyre) 
64 D2 E3  X 
Diesel, CO2 and NOx emissions from machinery and 
dust from waste dump 
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65 D2 E4   Ingestion and inhalation of heavy metals 
66 D2 E5   
Drinking the river water contaminated by the water 
from waste disposal site 
67 D2 E6   
Disturbance of local ecosystem as a result of 
contamination from waste disposal (dust and 
leachate) 
68 D3 E1  X 
Effluent discharge into the local river system could 
contain certain heavy metals and organic compounds 
69 D3 E1  X 
waste water tank leakage infiltrates into groundwater 
system 
70 D3 E2  X 
Elevated levels of hazardous substances in soil due to 
the leakage from the STP 
71 D3 E6  X 
Elevated organic content in discharge effluent may 
cause eutrophication thus affect the fish community 
72 D4 E1  X Contamination of groundwater 
73 D4 E3  X Dust incurred 
74 D4 E4  X Inhalation and ingestion of dust 
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APPENDIX F – 1 
 
Chemical Speciation at the Richmond Cu Smelter 
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Arsenic (As) Arsenic input into Richmond 
smelting operations is from Cu 
sulphide concentrate, which 
comprises 2/3 from Fulham 
and 1/3 from Chelsea. The 
main species of As in the 
concentrate is As sulphides 
which are most likely to be 
Arsenopyrite and any other 
As-bearing sulphide minerals.  
Weighted average As 
concentration in the 
concentrate ranges 
between 600 to 2841 ppm 
with a mean of 1207 ppm. 
Therefore the annual As 
input into Richmond is 
around 394 – 1867 tonnes 
with an average of 792 
tonnes. 
Via Air: Arsenic oxides are commonly 
associated with Cu smelting and refining. 
As(V) is the dominant species of As in 
emissions to air, whereas As(III) may still 
comprise 15–21% of total As emissions.  
Based on the consent level of 95 tonnes 
of As per year by local environment 
agency, estimated quantity for As(V) 
and As(III) were 75 and 20 tonnes 
respectively. Air monitoring data 
showed an average  0.112 μg/m3 at 
AQMS 4. 
(Sanchez-Rodas 
et al., 2007) 
Slag and Dust captured: Most As is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Around 156 tonnes of As are 
incorporated in slag and therefore an 
85% dust capture rate is required if 95 
t/y consent level is complied. As in 
captured dust is therefore around 541 
tonnes. As in soil in Richmond area as 
high as 112ppm. 
(Li, 2001) 
Bismuth (Bi) Bismuth input into Richmond 
smelting operations is from Cu 
sulphide concentrate, The main 
species of Bi in the concentrate 
is Bi sulphides which are most 
likely to be bismuthinite and 
any other Bi -bearing sulphide 
minerals.  
Weighted average Bi 
concentration in the 
concentrate ranges from 
of 50-80 ppm with a 
mean of 66ppm. 
Therefore the annual Bi 
input into Richmond is 
around 33-53 tonnes with 
an average of 43 tonnes. 
Via Air: likely to be Bi-bearing sulphides, 
elemental Bi, Bi2O3 and Sb2O5. 
N/A  
Slag and Dust captured: Most Bi is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Soil concentration as high as 1.61 ppm 
around Richmond. 
 
Copper (Cu) Copper input into Richmond 
smelting operations is from Cu 
Weighted average Cu 
concentration in the 
Via Air: The chemical speciation of Cu in 
aerosols is generally poorly studied. Copper 
At 85% dust capture rate, 3017 tonnes 
of Cu are likely to be released through 
(Nriagu, 1979, 
ATSDR, 2004) 
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sulphide concentrate, which 
comprises 2/3 from Fulham 
and 1/3 from Chelsea. The 
main species of Cu in the 
concentrate is Cu sulphides 
which are most likely to be 
Chalcopyrite and any other 
Cu-bearing sulphide minerals. 
concentrate range 
between 26 to 35% with a 
mean of 31.5%. Therefore 
the annual Cu input into 
Richmond is around 
172,528– 232,534 tonnes 
with an average of 
206,700 tonnes. 
emitted into the atmosphere is often as 
particulate matter in its elemental, oxide 
and/or carbonate form. 
stack emission to Richmond area. Air 
monitoring data showed an average 0.2 
μg/m3 at AQMS 4. 
Slag and Dust captured: Most Cu is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Around 2589 tonnes of Cu are 
incorporated in slag. 17,094 tonnes of 
Cu in dust are retained (at 85% capture 
rate). Soil concentration as high as 
3193ppm around Richmond 
(Li, 2001) 
Cadmium 
(Cd) 
Cadmium input into Richmond 
smelting operations is from Cu 
sulphide concentrate. The main 
species of Cd in the 
concentrate is Cd sulphides 
because of its chalcophile 
property 
Weighted average Cd 
concentration is around 
500ppm in Cu 
concentrate. Therefore the 
annual Cd input into 
Richmond is around 3.3 
tonnes. 
Via Air: Cd in aerosols is likely to be bound 
to sulphides and oxides. 
Total quantity not quantifiable as no 
data are available. Air monitoring data 
showed an average 0.002 μg/m3 at both 
AQMS 2 and AQMS 4. 
 
Slag and Dust captured: Most Cd is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Soil concentration as high as 2.53 ppm 
around Richmond 
 
Cobalt (Co) Cobalt input into Richmond 
smelting operations is from Cu 
sulphide concentrate.  
Weighted average Co 
concentration range from 
62-147ppm with a mean 
99 ppm. The annual Co 
input into Richmond is 
around 65 tonnes. 
Via Air: Co in aerosols is likely to be bound 
to sulphides and oxides. 
N/A  
Slag and Dust captured: Most Co is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Soil concentration as high as 13 ppm 
around Richmond. 
 
Iron (Fe) Iron input into Richmond 
smelting operations is from Cu 
sulphide concentrate, which 
Weighted average Fe 
concentration in the 
concentrate range 
Via Air: Fe in aerosols is likely to be in the 
form of Fe oxides. 
At 85% dust capture rate, 5670 tonnes 
of Fe are likely to be released through 
stack emission to Richmond area. 
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comprises 2/3 from Fulham 
and 1/3 from Chelsea. The 
main species of Fe in the 
concentrate is Fe sulphides 
which are most likely to be 
Chalcopyrite and any other 
Fe-bearing sulphide minerals. 
between 18 to 24% with a 
mean of 21%. Therefore 
the annual Fe input into 
Richmond is around 
116508 - 157680 tonnes 
with an average of 
138,298 tonnes. 
Slag and Dust captured: Most Fe is either 
captured as dust, or incorporated in silicate 
glass, Fe3O4 and minerals such as 
wollastonite (CaSiO3) during the smelting 
process. 
Around 100498 tonnes of Fe are 
retained in the slag. Soil concentration 
as high as 4.32 % around Richmond. 
 
Lead (Pb) 
 
Lead input into Richmond 
smelting operations is from Cu 
sulphide concentrate, which 
comprises 2/3 from Fulham 
and 1/3 from Chelsea. The 
main species of Pb in the 
concentrate is Pb sulphides 
which are most likely to be 
Gleaner and any other 
Pb-bearing sulphide minerals. 
Weighted average Pb 
concentration in the 
concentrate range 
between 90-302 ppm with 
a mean of 154ppm. 
Therefore the annual Pb 
input into Richmond is 
around 59-198 tonnes 
with an average of 102 
tonnes. 
Via Air: Lead emissions from smelters have 
been shown to consist of Pb sulphate 
(PbSO4), Pb sulphide (PbS), Pb monoxide 
(PbO) and Pb oxysulphate (PbO.PbSO4). 
Lead in soil is then likely to form Pb 
carbonate 
Data on quantity are not available. 
Historical air monitoring data showed a 
mean concentration of 0.05 μg/m3 
from 1995-2006. That figure was 
around 0.16 ug/m
3
 before 1995 at 
AQMS 2. 
(Foster, 1980, 
Clevenger, 1991) 
Slag and Dust captured: Most Pb is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Total quantity retained in dust and slag 
not quantifiable. Soil concentration as 
high as 58 ppm. 
(Li, 2001) 
Magnesium 
(Mg) 
Magnesium input into 
Richmond smelting operations 
is from Cu sulphide 
concentrate mainly exists as 
Mg oxides. 
Weighted average MgO 
concentration in the 
concentrate range 
between 0.4-0.94% with a 
mean of 0.55%. Therefore 
the annual MgO input 
into Richmond is around 
2628-6198 tonnes with an 
Via Air: Magnesium is likely to be emitted 
as Mg oxides or bound with other PM in 
air. 
N/A  
Slag and Dust captured: Most Mg is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Soil concentration as high as 2.12 %.  
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average of 3628 tonnes. 
Manganese 
(Mn) 
Manganese input into 
Richmond smelting operations 
is from Cu sulphide 
concentrate. 
Weighted average Mn 
concentration in the 
concentrate range 
between 0.04-0.06 % with 
a mean of 0.05%. 
Therefore the annual 
MgO input into 
Richmond is around 
237-416 tonnes with an 
average of 325 tonnes. 
Via Air: Manganese is likely to be emitted 
as Mn oxides or bound with other PM in 
air. 
Historical air monitoring data showed a 
mean concentration of 0.027 μg/m3 at 
AQMS 2. 
 
Slag and Dust captured: Most Mn is either 
captured as dust or incorporated in silicate 
glass and minerals such as wollastonite 
(CaSiO3) during the smelting process. 
Soil concentration as high as 2419 
ppm. 
 
Mercury (Hg) Mercury input into Richmond 
smelting operations is from Cu 
sulphide concentrate, which 
comprises 2/3 from Fulham 
and 1/3 from Chelsea. The 
main species of Hg in the 
concentrate is Hg sulphides 
which are most likely to be 
Cinnabar and any other 
Hg-bearing sulphide minerals. 
Weighted average Hg 
concentration in the 
concentrate range 
between 0.4 to 1.57 ppm 
with a mean of 0.84 ppm. 
Therefore the annual Hg 
input into Richmond is 
around 0.3–1 tonnes with 
an average of 0.6 tonnes. 
Via Air: Most important species of Hg from 
combustion sources are oxidized mercury 
(Hg
2+
) and elemental mercury (Hg). 
Data not available, but less than one 
tonne in total. Historical air monitoring 
data showed Hg is undetectable since 
1997. Average 0.001 μg/m3 before 
1997. 
(Park et al., 2007, 
Knightes, 2008) 
Slag and dust captured: Mercury is likely to 
be either captured as dust or incorporated in 
silicate glass and minerals such as 
wollastonite (CaSiO3) during the smelting 
process. 
Data not available, but less than one 
tonne in total. Soil concentrations was 
found to be as high as 1207ppb. 
(Li, 2001) 
Molybdenum 
(Mo) 
Molybdenum input into 
Richmond smelting operations 
is from Cu sulphide 
concentrate. The main species 
Weighted average Mo 
concentration in the 
concentrate range 
between 114 to 2534 ppm 
Via Air: Molybdenum is likely to be 
emitted as Mo oxides in the aerosols. 
Total quantity not quantifiable as no 
data are available. Air monitoring data 
showed an average 0.008 μg/m3 at 
AQMS 2. 
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of Mo in the concentrate is 
likely to be Mo-bearing 
sulphides in porphyry deposit. 
with a mean of 649 ppm. 
Therefore the annual Mo 
input into Richmond is 
around 75-1665 tonnes 
with an average of 426 
tonnes. 
Slag and dust captured: Molybdenum is 
likely to be either captured as dust or 
incorporated in silicate glass and minerals 
such as wollastonite (CaSiO3) during the 
smelting process. 
Soil concentrations as high as 4.77 
ppm. 
 
Nickel (Ni) Nickel input into Richmond 
smelting operations is from Cu 
sulphide concentrate. The main 
species of Ni in the concentrate 
is likely to be Ni-bearing 
sulphides such as pentlandite. 
Weighted average Ni 
concentration in the 
concentrate range 
between 10 to 50 ppm 
with a mean of 28 ppm. 
Therefore the annual Ni 
input into Richmond is 
around 6.6-33 tonnes with 
an average of 18.5 tonnes. 
Via Air: Nickel in aerosols is presented as 
Ni sulphate, Ni sulphide and Ni oxides.  
N/A (Pakkanen et al., 
2001, Pattanaik et 
al., 2007, Bolt et 
al., 2000) 
Slag and dust captured: Nickel is likely to 
be either captured as dust or incorporated in 
silicate glass and minerals such as 
wollastonite (CaSiO3) during the smelting 
process. 
Soil concentrations as high as 12.4 
ppm. 
 
Selenium (Se) Selenium input into Richmond 
smelting operations is from Cu 
sulphide concentrate partially 
replacing the sulphur in the ore 
matrix. The main species of Se 
in the concentrate is likely to 
be selenide Se
2+
. 
Weighted average Ni 
concentration in the 
concentrate is 50 ppm. 
Therefore the annual Se 
input into Richmond is 
around 32.9 tonnes. 
Via Air: Selenium in aerosols is likely to be 
Selenide and Se oxides.  
N/A  
Slag and dust captured: Selenium is likely 
to be either captured as dust or incorporated 
in silicate glass and minerals such as 
wollastonite (CaSiO3) during the smelting 
process. 
Soil concentrations as high as 1.9 ppm.  
Sulphur (S) Sulphur input into Richmond 
smelting operations is from Cu 
sulphide concentrate.  
Weighted average S 
concentration in the 
concentrate range 
Via Air: Emission of S to air is mainly in 
the form of SO2.  
With an capture ratio of 97%, around 
622 tonnes of SO2 is emitted annually.  
 
Slag and dust captured: Sulphur may also Soil concentrations as high as 0.06 %.  
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between 27 – 33 % with a 
mean of 28.6%. Therefore 
the annual S input into 
Richmond is around 
187636 tonnes. 
be captured with sulphides in PM or dust. 
Zinc (Zn) Zinc input into Richmond 
smelting operations is from Cu 
sulphide concentrate. The main 
species of Zn in the concentrate 
is likely to be Zn-bearing 
sulphides such as sphalerite. 
Weighted average Zn 
concentration in the 
concentrate range 
between 498-1224 ppm 
with a mean of 863 ppm. 
Therefore the annual Zn 
input into Richmond is 
around 327-804 tonnes 
with an average of 567 
tonnes. 
Via Air: Zinc in aerosols is likely presented 
as Zn sulphide, Zn carbonate and Zn 
oxides. Likely to form Zn chloride, 
carbonate and sulphate salts in the waste 
dump and surface soil around Richmond. 
Air monitoring data showed an average 
0.067 μg/m3 at AQMS 4. 
(Sammut, 2008) 
Slag and dust captured: Zinc is likely to be 
either captured as dust or incorporated in 
silicate glass and minerals such as 
wollastonite (CaSiO3) during the smelting 
process. 
Soil concentrations as high as 186 
ppm. 
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APPENDIX F – 2  
Hazard Identification 
No. 
Factor 
1 
Factor 
2 
Filtered 
out in 
Step2 
Sources of Risk 
1 A1 D1 X 
Dust and heavy metals deposition on surface water (3 channels 
and Yong river) 
2 A1 D2  Dust and heavy metals deposition on soil around Richmond 
3 A1 D3  Dust and heavy metals from water vapour emission 
4 A1 D4 X Inhalations of heavy metals 
5 A1 D5  Inhalations of heavy metals 
6 A1 D6 X Inhalations, ingestion and plant uptake of heavy metals   
7 A2 D1  
Dust and heavy metals deposition on surface water (3 channels 
and Yong river) 
8 A2 D2  Dust and heavy metals deposition on soil around Richmond 
9 A2 D3  Dust, heavy metals and SO2 from cold chimney 
10 A2 D4  Inhalations of heavy metals and SO2 
11 A2 D5  Inhalations of heavy metals and SO2 
12 A2 D6  
Inhalations, ingestion and plant uptake of heavy metals. 
Inhalation of SO2  
13 A3 D1 X 
Dust and heavy metals deposition on surface water (3 channels 
and Yong river) 
14 A3 D2  Dust and heavy metals deposition on soil around Richmond 
15 A3 D3  Dust, heavy metals and SO2 from cold chimney 
16 A3 D4 X Inhalations of heavy metals and SO2 
17 A3 D5  Inhalations of heavy metals and SO2 
18 A3 D6 X 
Inhalations, ingestion and plant uptake of heavy metals. 
Inhalation of SO2  
19 A4 D1  
Dust and heavy metals deposition on surface water (3 channels 
and Yong river) 
20 A4 D2  Dust and heavy metals deposition on soil around Richmond 
21 A4 D3  Dust, heavy metals and SO2 from cold chimney 
22 A4 D4  Inhalations of heavy metals and SO2 
23 A4 D5  Inhalations of heavy metals and SO2 
24 A4 D6  
Inhalations, ingestion and plant uptake of heavy metals. 
Inhalation of SO2  
25 A5 D1  
Dust and heavy metals deposition on surface water (3 channels 
and Yong river) 
26 A5 D2  Dust and heavy metals deposition on soil around Richmond 
27 A5 D3  Dust, heavy metals and SO2 from cold chimney 
28 A5 D4  Inhalations of heavy metals and SO2 
29 A5 D5  Inhalations of heavy metals and SO2 
30 A5 D6  
Inhalations, ingestion and plant uptake of heavy metals. 
Inhalation of SO2  
31 B1 D1 X Windborne fine slag particles deposit on surface water 
32 B1 D2  Windborne fine slag particles deposit on surface soil 
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33 B1 D3  Windborne fine slag particles transported by air 
34 B1 D4  Inhalation of fine slag particles 
35 B1 D5  Inhalation of fine slag particles 
36 B1 D6  
Inhalations, ingestion and plant uptake of heavy metals derived 
from windborne slag particles  
37 B2 D1 X Windborne fine dust deposits on surface water 
38 B2 D2 X Windborne fine dust deposits on surface soil 
39 B2 D3 X Windborne fine dust transported by air 
40 B2 D4 X Inhalation of fine dust 
41 B2 D5 X Inhalation of fine dust 
42 B2 D6 X 
Inhalations, ingestion and plant uptake of heavy metals derived 
from windborne dust  
43 B3 D1 X Windborne fine dust deposits on surface water 
44 B3 D1  
Leaching of heavy metals and other anions (e.g. SO4) to ground 
water 
45 B3 D2 X Windborne fine dust deposits on surface soil 
46 B3 D3 X Windborne fine dust transported by air 
47 B3 D4 X Inhalation of fine dust 
48 B3 D5 X Inhalation of fine dust 
49 B3 D6  
Inhalations, ingestion and plant uptake of heavy metals derived 
from windborne dust  
50 C1 D1 X Water discharge from lab and office uses 
51 C1 D4 X Dermal contact, inhalation and ingestion of lab chemicals 
52 C3 D1  Treated water discharge to Yong river 
53 C3 D3 X Evaporation from waste water tanks 
54 C3 D4 X Ingestion and dermal contact with waste water 
55 C3 D6  Treated water discharge to Yong river ecosystem 
56 C4 D1 X Discharge of reused water with high level of SO4 and Ca 
57 C4 D2 X 
Irrigation using reused industrial water increase some trace 
elements Conc in soil 
58 C4 D6 X 
Discharge and irrigation of reused water with high level of SO4 
and Ca may affect plants and river ecosystem 
59 C5 D1  Accidental leaking of chemicals (e.g. H2SO4) to groundwater 
60 C5 D4  Inhalation, ingestion and dermal contact with chemicals  
 
 
 
